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ABSTRACT 


Sodium  sulphate  was  applied  in  1963  and  1964  at  the  rate  of  20  lb. 
elemental  sulphur /acre  to  133  forage  stands  containing  at  least  25  per 
cent  legume  on  predominately  Grey  Wooded  and  Dark  Grey  soils  in  north- 
central  Alberta.  The  legume  responded  to  the  applied  sulphur  on  34  plots. 
Moisture  conditions  were  subnormal  for  the  2  years  and  it  was  therefore 
suggested  that  the  above  is  an  underestimate  of  the  extent  of  the  sulphur- 
deficient  soils  in  north- central  Alberta. 

Sulphur  deficiency  was  not  confined  to  any  geographic  area  nor  to 
any  soil  series.  However,  certain  soils  series  exhibited  sulphur  de¬ 
ficiency  more  frequently  than  did  others. 

The  ethanol- soluble  sulphate  of  the  legumes  grown  on  sulphur- 
deficient  soils  was  lower  than  in  legumes  grown  on  sulphur  -  sufficient 
soils.  Taking  0.  17  per  cent  ethanol- soluble  sulphate  as  the  critical 
level  for  alfalfa,  deficient  and  non-deficient  soils  could  be  separated  with 
84  per  cent  reliability. 

Sulphur  application  increased  the  nitrogen  content  of  the  legumes 
grown  on  the  deficient  soils  by  an  average  of  0.  52  per  cent.  No  difference 
was  found  in  the  nitrogen  content  of  the  legumes  grown  on  non-deficient 
soils  as  a  consequence  of  the  sulphur  application. 

Four  sulphur-deficient  and  4  non-deficient  soils  were  investigated 
at  4  depths  for  total  sulphur,  carbon-bonded  sulphur,  Hl-reducible  sulphur, 
sulphate  extractable  by  a  500  ppm  P  solution,  adsorbed  sulphate  and  easily- 
soluble  sulphate.  The  non-deficient  soils  had  significantly  greater  amounts 
of  HI- reducible  sulphur,  sulphate  extractable  by  a  500  ppm  P  solution,  and 


■ 


easily  soluble  sulphate  than  did  the  deficient  soils.  The  easily  soluble 
sulphate  content  of  the  soil  gave  the  best  separation  of  the  sulphur- 
deficient  and  sulphur  non-deficient  soils.  The  total  sulphur  content, 
carbon-bonded  sulphur,  and  adsorbed  sulphate  did  not  differ  significantly 
between  deficient  and  non-deficient  profiles.  The  sulphur  content  of  all 
fractions  studied  was  low  compared  to  chernozems. 
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INTRODUCTION 


The  essentiality  of  sulphur  in  plant  nutrition  has  long  been  known; 
however,  sulphur  has  been  called  the  "neglected  nutrient"  in  plant 
nutrition . 

All  Grey  Wooded  soils  in  Alberta  were  thought  to  be  sulphur 
deficient  after  Newton  (1936)  so  conclusively  demonstrated  this  deficiency 
at  Breton  in  the  early  1930' s.  After  that  time  limited  evidence  suggested 
that  not  all  G  rey  Wooded  soils  were  deficient  in  sulphur. 

Walker  (1959)  found  only  44  per  cent  of  the  soils  he  investigated  were 
sulphur  deficient  in  an  area  generally  south  and  west  of  Edmonton.  He  also 
found  that  the  sulphur  deficient  soils  were  not  confined  to  any  geographic 
area.  Responses  to  sulphur  in  Alberta  have  been  demonstrated  only  with 
legume  crops,  although  there  are  some  unpublished  reports  of  cereals 
responding  to  sulphur  fertilization. 

There  appeared  to  be  no  reliable  chemical  methods  of  predicting  the 
sulphur  status  of  the  soil.  It  has  been  found  by  several  workers  that  legumes 
contain  less  easily -soluble  sulphur  when  grown  on  sulphur  deficient  soil, 
thus  providing  a  method  of  assessing  the  sulphur  status  of  the  soil  (Walker, 
1959 ;  Dij shoorn  et  al .  ,  I960;  F ox  and  Olson _e_t  al .  ,  1964)  . 

The  purpose  of  this  investigation  was  to  study  the  sulphur  status  of 
some  soils  in  the  Grey  Wooded  and  Dark  Grey  soil  zones  of  north-central 
Alberta  under  the  following  headings; 

1.  The  extent  of  sulphur  deficiency  in  these  soils  and  the  geographic 
distribution . 

2.  The  assessment  of  the  sulphur  status  of  the  soil  by  plant  analyses. 

3.  A  study  of  various  sulphur  fractions  of  the  soil  to  determine  if 
differences  in  these  fractions  existed  between  deficient  and  non-deficient 
soils  and  if  these  differences  would  be  useful  for  prediction  purposes  . 
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REVIEW  OF  LITERATURE 

Sulphur  is  an  essential  plant  nutrient.  It  is  a  constituent  of  meth¬ 
ionine,  cystine,  and  cysteine,  three  essential  amino  acids.  Two  vitamins, 
thiamine  and  biotin,  contain  sulphur.  Hence  a  close  connection  exists 
between  sulphur  and  nitrogen  (Thomas  et_al_.,  1950b).  Although  sulphur 
is  not  a  constituent  of  chlorophyll,  sulphur  deficient  plants  become 
chlorotic.  Ergle  (1953)  found  a  40  per  cent  reduction  in  the  chlorophyll 
content  of  sulphur  deficient  plants.  Thomas  et  al ,  (1950b)  suggested  that 
sulphur  is  also  involved  directly  in  chlorophyll  metabolism  through  the 
protoplasm  of  the  chloroplasts  . 

Sulphur  is  required  in  large  amounts,  approaching  and  often  exceed¬ 
ing  that  of  phosphorus  (Jordan  and  Ensminger,  1958).  Thomas  (1950a) 
found  that  the  total  sulphur  content  of  alfalfa  leaves  differs  by  a  factor  of 
12,  the  average  being  0.69  per  cent.  A  three  ton/acre  crop  of  alfalfa 
contains  on  the  average  20  lb. /acre  of  sulphur  in  the  plant  tops.  He  also 
found  cereals  grown  in  areas  far  removed  from  industrial  centers  to 
contain  an  average  0.39  per  cent  total  sulphur  in  the  leaves. 

The  most  obvious  sign  of  a  sulphur  deficiency  is  the  chlorotic, 
stunted  growth  (Jordan  and  Ensminger,  1958).  The  stems  of  sulphur 
deficient  plants  are  inclined  to  be  woody  (Ergle  and  Eaton,  1951).  Leaf 
area  is  reduced.  Chlorosis  may  involve  the  whole  plant  or  it  may  be 
severe  only  on  the  younger  leaves.  Sulphur  deficient  plants  resemble 
those  which  are  nitrogen  deficient  except  that  they  do  not  develop  the 
characteristic  leaf  patterns  as  is  usual  with  nitrogen  deficiency.  The 
weight  and  number  of  nodules  on  legumes  are  reduced  (Anderson  and 
Spencer,  1950).  They  considered  this  a  reflection  of  reduced  growth  and 
the  consequent  lower  demand  for  nitrogen. 
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Sulphur  Balance  in  the  Soil 

Fertilizers,  manures,  irrigation  and  ground  wate  rs  ,  gaseous  sulphur, 
insecticides,  and  fungicides  may  contribute  significant  amounts  of  sulphur 
to  the  soil  over  restricted  areas  of  the  earth's  surface  (Bentley  et  al .  ,  1955; 

F reney  et  ah,  1962).  Rainfall  contributes  a  variable  amount  over  the  entire 
earth.  In  many  areas  of  the  world  sulphur  in  the  irain  water  is  sufficient  to 
meet  the  demands  of  the  crop  (Alway  et  al ,  ,  1937;  Lutz,  1956;  Miller,  1958). 
Bentley  et^  al .  (  1955)  reported  0 . 8  lb  .  of  sulphur/ acre  at  Breton  and  4.9  lb  .  / 
acre  at  Edmonton  were  brought  down  in  the  precipitation  during  the  growing 
season.  Alway  found  a  range  from  5  to  100+  lb .  /ac  re  /year  in  the  rain  water 
of  Minnesota.  In  Virginia  ranges  of  12.9  to  33.5  lb.  of  sulphur/acre/year 
are  recorded  (Lutz,  1957).  Miller  (1957)  reported  2 . 8  to  4  lb.  of  sulphur/ 
acre/year  in  rural  areas  and  an  average  of  12  lb . /acre/year  near  in¬ 
dustrial  plants  in  New  Zealand. 

Junge  and  Wirby  (1958)  reported  wide  variations  in  the  sulphur 
content  of  the  precipitation  and  they  considered  sufficient  information  was 
available  to  report  averages  on  a  world  wide  basis  .  They  gave  the  average 
for  the  United  States  as  2.15  mg .  / 1 .  ,  for  Scandinavian  countries  as  2 . 9 
mg  .  /I .  ,  and  fo  r  the  earth' s  land  surface  as  2.2  mg  .  /  I .  With  a  rainfall  of 
18  in. /year,  this  would  represent  6  lb .  of  sulphur/ac  re /yea  r .  This  is  a 
substantial  amount  compared  to  crop  needs.  Martin  (1958)  stated  that  5  to 
6  lb .  of  sulphur  are  required  per  ton  of  alfalfa  harvested. 

In  all  reports,  areas  near  industrial  plants  have  the  highest  con¬ 
centrations  of  sulphur  in  the  precipitation.  The  pattern  of  distribution 
depends  on  the  prevailing  wind  (Jordan  and  Ensminger,  1958).  They 
showed  that  the  operation  of  one  steam  plant  in  Alabama  added  89,000  tons 
of  sulphur  per  year  to  the  atmosphere.  The  sulphur  content  in  the  rain- 
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water  increased  from  5  to  10  lb .  /ac re/year  because  of  the  steam  plant. 
According  to  Junge  (1958)  30  per  cent  of  the  sulphur  in  the  air  originates 
from  human  activities.  He  estimated  that  industrial  plants  in  the  world 
added  38.677  x  10^  tons  of  sulphur  to  the  atmosphere  in  1943. 

Irrigation  waters  can  be  an  important  source  of  sulphur.  Thorne 
and  Peterson  (1954)  summarized  the  chemical  composition  of  water  from 
19  rivers  used  for  irrigation  in  the  western  United  States  and  found  the 
sulphur  content  ranged  from  3  to  1,849  lb. /acre  foot.  The  majority  of  the 
waters  contained  more  than  40  lb.  of  sulphur  per  acre  foot.  Jensen  (1951) 
showed  well  water  used  for  irrigation  in  Idaho  ranged  from  25  to  700  lb. 
of  sulphur  per  acre  foot. 

The  atmosphere  contains  SO2  and  SO3  which  may  be  adsorbed  by 
the  soil  (Alway  et  al .  ,  1937).  They  found  that  a  surface  coated  with  lead 
peroxide  accumulated  the  equivalent  of  400  lb . /ac re/year  in  Minnesota. 

They  concluded  that  sulphur  adsorbed  by  the  soil  made  an  important  con¬ 
tribution  to  plants,  but  that  the  amount  would  likely  be  less  than  in  the 
rain  water.  It  has  been  found  by  Jordan  and  Ensminger  (1958)  that  soils 
in  Alabama  and  Vi  rginia  adsorbed  5 . 5  lb . /ac  re  and  11  lb. /acre,  respectively. 

There  are  continuous  losses  of  sulphur  which  offset  the  additions. 

Some  early  lysimeter  studies  showed  very  large  losses  by  leaching.  In 
Illinois,  measured  losses  ranged  from  35  to  55  lb . /ac re /year  (Illinois 
Agr.  Exp.Sta.,  1937).  McKill  and  Williams  ( I960)  used  S35  to  study 
leaching.  They  found  that  77  per  cent  of  the  sulphur  applied  as  gypsum  was 
recovered  in  the  percolate  at  a  depth  of  25  inches.  Stauffer  and  Rust  (1954) 
showed  that  the  loss  of  sulphur  depended  greatly  on  the  amount  of  percolate. 
They  found  a  range  in  losses  from  5  to  80  lb . /acre /year  when  the  percolate 
varied  from  1  to  20  inches.  The  losses  are  also  dependent  on  other 
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characteristics  of  the  soil  such  as  texture  and  compaction  (Stauffer  and 
Rust,  1954).  Losses  of  sulphur  by  leaching  were  high  in  soils  well 
supplied  with  native  sulphur  while  losses  were  much  more  moderate  when 
native  sulphur  was  low. 

Sulphur  may  be  lost  from  the  soil  as  a  result  of  microbial  trans¬ 
formation  (Jordan  and  Ensminger,  1958).  Under  aerobic  conditions  sulphur 
is  oxidized  to  sulphate  which  is  easily  leached.  Under  anaerobic  conditions 
reduced  forms  such  as  sulphides  predominate,  and  some  losses  may  result 
through  volatilization  as  hydrogen  sulphide. 

Cultivated  soils  continually  suffer  some  loss  of  sulphur  as  a  result 
of  erosion.  Lipman  and  Conybeare  (1936)  estimated  that  as  an  average  for 
the  United  States  about  6  lb .  of  sulphur  per  acre/year  are  lost  in  this 
manner.  Any  plant  material  removed  also  represents  a  loss  of  sulphur. 

Sulphur  Deficiency  in  Soils 

Sulphur  deficiency  in  soils  is  widespread.  Plant  responses  to 
applied  sulphur  have  been  reported  in  South  Africa  (Goldschmit,  1951), 
Nigeria  (Greenwood,  1955),  Australia  (Anderson,  1952;  Rossiter,  1952; 
McLachlan,  1955;  Spencer,  I960),  Canada  (Bentley  et  al ,  ,  1955;  Walker  and 
Bentley,  1961;  Alberta  Advisory  Fertilizer  Committee,  1964),  Burma 
(Aiyar,  1945),  Brazil  (McClung,  1959),  New  Zealand  (Anderson,  1952), 
Japan  (Araki,  1954),  West  Indies  (Dutt,  1962),  Sweden  (Gunnarsson,  1959), 
and  the  United  States  (Jordan  and  Ensminger,  1958;  Martin,  1959). 

Sulphur  deficiency  was  first  reported  on  a  Grey  Wooded  soil  in 
Alberta  by  Newton  (1936).  Walker  and  Bentley  (1961)  reported  responses 
at  72  of  157  test  locations  in  an  area  west  of  a  line  between  Edmonton  and 
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In  general  legumes  have  shown  the  greatest  sulphur  response 
because  they  are  the  heaviest  users  and  because  they  are  so  widely  grown. 
More  moderate  responses  have  been  shown  by  cereals,  onions,  rice,  jute, 
and  other  crops.  In  Alberta  responses  from  sulphur  applications  have 
been  most  common  on  legume  crops. 

Sulphur  deficiency  bears  no  relationship  to  geographic  location 
(Walker  and  Bentley,  1961;  McLachlan,  1955)  although  crops  grown  on 

certain  soil  types  are  known  to  respond  to  sulphur  (Newton  et  al.  ,  1936; 
Carins  and  Richer,  I960). 

McClung  and  de  Freitas  (1959)  found  that  crops  grown  on  Brazilian 
soils  did  not  respond  to  sulphur  unless  phosphorus  was  also  added.  Stephens 
and  Donald  (1958)  reported  that  sulphur  deficiencies  are  often  related  to 
phosphorus  deficiencies.  In  some  cases  sulphur  must  be  applied  before 
other  nutrient  deficiencies  are  manifested,  while  in  other  instances  certain 
nutrients  must  be  applied  before  sulphur  deficiencies  are  observed. 

Residual  effects  of  sulphur  are  common  (Martin,  1963). 

Sulphur  has  been  found  to  be  equally  effective  when  applied  as  CaSOq, 
Na2SO^  ,  or  as  8  mesh  elemental  sulphur.  However,  the  oxidation  of 
elemental  sulphur  required  about  one  year  (Fox  and  Atesalp  et  al.  ,  1964). 
Utilization  of  elemental  sulphur  was  therefore  slower,  although  Fox  and 
Atesalp  et  al.  (1964)  found  finely  divided  elemental  sulphur  to  be  utilized  as 
fast  as  gypsum  in  a  greenhouse  study.  The  incidental  addition  of  sulphur  in 
fertilizers  has  been,  and  will  continue  to  be,  an  important  source  of  sulphur 
for  crop  production  (Jordan  and  Ensminger,  1958).  Superphosphate  contains 
12,2  per  cent  sulphur  and  ammonium  sulphate  contains  23.9  per  cent  sul¬ 
phur  (Mehring  et  al.  ,  1950).  Other  fertilizers  contain  lesser  amounts. 
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Forms  of  Sulphur  in  the  Soil 

The  total  sulphur  content  in  the  soil  is  extremely  variable.  Lawton 
(1955)  reported  sulphur  in  mineral  soils  of  the  humid  areas  range  from 
0.01  to  0.15  per  cent .  Wyatt  and  Doughty  ( 1928)  reported  a  range  of  0.03 
to  0.07  per  cent  for  Alberta  soils  and  Bentley  et  al .  (1955)  found  a  similar 
range.  Lowe  (1965)  found  a  range  in  the  total  sulphur  content  from  0.006 
to  0.10  per  cent  for  the  upper  horizons  of  some  Alberta  soils.  The  high 
figures  represented  the  L-H  horizon  and  the  low  figures  the  Bt  horizon  of 
a  Grey  Wooded  soil. 

Soil  sulphur  exists  in  both  organic  and  inorganic  forms.  The 
organic  form  is  derived  from  the  protein  material  of  plant  residues  (Evans 
and  Rost,  1945).  Other  organic  compounds,  including  taurine  and  mustard 
oils,  may  introduce  variable  amounts  of  sulphur  to  the  soil  (Waksman,  1947). 
The  organic  fraction  is  present  in  amounts  from  50  to  90  per  cent  of  the 
total.  Organic  sulphur  is  generally  estimated  as  the  difference  between 
total  sulphur  and  inorganic  sulphate  (F reney  et  al ,  ,  1962).  Only  a  few 
workers  have  attempted  to  measure  the  organic  fraction  directly  (Madanov, 
1946). 

There  appears  to  be  a  definite  relationship  between  carbon,  nitrogen, 
and  non-sulphate  sulphur  in  the  soil  (Donald  and  Williams,  1954;  Walker  and 
Adams,  1958;  Freney,  1961).  According  to  Walker  and  Adams,  the  average 
total  C:N:organic  P:S  ratio  for  20  soils  to  a  depth  of  2  1  inches  was 
120:10:2.7:1.3.  Using  nitrogen  as  a  base  with  the  value  10  total  C  ranged 
from  70  to  170,  sulphur  ranged  from  0.7  to  2.1,  and  organic  phosphorus 
ranged  from  1.2  to  5.3;  however,  most  of  the  values  were  close  to  the  mean. 
They  concluded  since  phosphorus  is  the  only  element  of  the  four  which  must 
be  supplied  by  the  parent  material,  the  major  factor  governing  the 
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accumulation  of  organic  matter,  and  hence  organic  sulphur,  is  the  phos¬ 
phorus  content  of  the  parent  material. 

Very  little  is  known  about  the  sulphur  compounds  which  constitute 
soil  organic  matter.  T rithiobenzaldehyde  and  cystine  are  the  only  organic 
sulphur  compounds  to  have  been  extracted  from  the  soil,  although  cysteine, 
cystine,  and  methionine  have  been  detected  after  acid  hydrolyses  (Paul,  1961; 
Whitehead,  1964).  Whitehead  (1964)  calculated  that  1 1  to  16  per  cent  of  the 
total  sulphur  in  the  soil  is  in  the  amino  acid  form.  He  stated  that,  since  a 
much  higher  percentage  of  the  total  sulphur  is  in  protein  form  when  added 
by  plant,  animal  and  microbial  remains,  and  that  since  amino  acids  and 
proteins  are  easily  decomposed  when  added  to  the  soil  alone,  some  stabil¬ 
ization  of  the  sulphur  must  occur  during  the  formation  of  humus.  In  aerobic 
conditions  cysteine  is  decomposed  mainly  to  sulphate  while  methionine 
decomposition  results  in  a  substantial  release  of  mercaptans  (Starkey  et  al ,  , 
1953)  .  There  is  evidence  that  the  complete  decomposition  of  methionine  to 
sulphate  takes  place  over  a  longer  period  of  time  than  cystine  (Hesse,  1957). 
In  contrast  Frederick  et  al .  (1957)  found  no  sulphate  formation  from  meth¬ 
ionine  after  six  weeks. 

The  group  whose  chemical  reactions  are  the  most  important  in  the 
incorporation  of  sulphur  into  humus  appears  to  be  the  sulphhydryl  group 
(Whitehead,  1964)  .  Since  most  of  the  nitrogen  added  to  the  soil  under 
natural  conditions  occurs  in  amino  acid  form,  sulphur  and  nitrogen  may  be 
stabilized  into  humus  in  similar  ways  (Whitehead,  1964). 

A  fraction  designated  as  "carbon  bonded  sulphur"  has  been  invest¬ 
igated  by  Lowe  and  DeLong  (1963).  This  fraction  includes  all  sulphur 
bonded  to  carbon  except  the  alkyl  sulphones.  It  does  not  include  organic 
sulphate.  Elemental  sulphur  and  some  mineral  sulphides  are  included 


' 


-  9  - 


although  of  the  soils  they  investigated  no  measurable  amounts  of  the  latter 
materials  were  present.  They  suggest  that  much  of  the  carbon-bonded 
sulphur  may  be  associated  with  the  humic  acids.  No  information  is  avail¬ 
able  at  the  present  time  on  the  availability  of  this  fraction  to  plants  . 

Another  form  of  sulphur  in  the  soil  is  organic  sulphate  (Freney,  1961; 
Delong  and  Lowe,  1962).  There  is  no  sharp  distinction  between  organic 
and  inorganic  sulphate.  Freney  (1961)  has  postulated  that  a  significant 
portion  of  total  sulphur  exists  as  sulphate  that  is  not  simply  adsorbed,  but 
forms  an  integral  part  of  soil  organic  matter. 

Inorganic  sulphur  is  present  in  soils  in  amounts  from  10  to  50  per 
cent  of  the  total  sulphur  (Lawton,  1955).  Most  unweathered  igneous  rock 
contains  0.05  to  0.3  per  cent  sulphur,  mainly  as  sulphides  of  iron,  nickel, 
and  copper.  In  strongly  reducing  conditions  sulphides  accumulate  in  soils 
(Hart,  1962).  Generally  most  of  the  inorganic  sulphur  is  in  forms  of 
sulphate.  In  24  agricultural  soils  Freney  (1961)  found  only  1  per  cent  of 
the  sulphur  in  a  form  of  lower  oxidation  state  than  sulphate. 

Of  the  sulphates,  those  of  barium  and  strontium  are  extremely  in¬ 
soluble.  Calcium  sulphate  has  a  low  but  significant  solubility  and  is 
steadily  removed  by  leaching  if  the  net  movement  of  water  is  downward. 

The  sulphates  of  magnesium,  potassium,  and  sodium  are  easily  soluble. 
Sulphate  resistant  to  leaching  has  been  found  associated  with  calcium  car¬ 
bonate  and  may  constitute  a  major  proportion  of  the  total  sulphur  in  some 
calcareous  soils  (Williams  and  Steinbergs,  1962).  Lowe  (1965)  has  found 
the  amount  of  sulphate  associated  with  calcium  carbonate  to  be  low  in  the 
Grey  Wooded  soils  of  Alberta. 

Most  workers  have  found  that  little  retention  of  sulphate  occurs  in 
the  top  few  inches  of  the  soil  (Ensminger,  1954;  Hesse,  1958;  Freney,  1961), 
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but  considerable  sulphate  is  retained  in  the  lower  depths  (Ensminger, 

1958;  Jordan  and  Bardsley,  1958;  Chao  et  al .  ,  1962a)  .  Retained  or 
adsorbed  sulphate  is  not  removed  with  water  extractions.  The  main  soil 
constituents  involved  in  sulphate  retention  are  hydrated  aluminum  and  iron 
oxides,  especially  at  low  pH  values  and  kaolinitic  clays  (Chao  et  al.,  1962a). 
The  same  workers  found  that  treatments  involving  the  removal  of  iron  and 
aluminum  hydroxides  resulted  in  a  marked  reduction  in  sulphate  retention. 
Several  mechanisms  by  which  sulphate  may  be  held  have  been  suggested. 
Jackson  (1963)  suggests  that  in  both  hydrated  aluminum  oxides  and  the 
alumina  layer  of  kaolinite  the  following  type  of  reaction  can  occur: 


It  has  been  suggested  that  sulphate  may  be  held  by  simple  anion 
exchange  (Schell  and  Jordan,  1958).  However,  Chao  et  al.  (1962c) 
indicated  that  soils  do  not  have  a  definite  anion  exchange  capacity,  and 
therefore  mechanisms  other  than  simple  anion  exchange  must  be  involved. 
Early  work  of  Mattson  (1931)  showed  that  anion  adsorption  increased  with 
a  decrease  in  pH.  Mattson  (1931)  found  the  effectiveness  of  anions  replac¬ 
ing  hydroxyl  groups  was  in  the  order:  phosphate> sulphate> chlo ride  . 
Williams  and  Steinbergs  (1962)  found  no  relationship  between  the  amount  of 
clay  and  anion  adsorption.  Ensminger  (1954)  demonstrated  that  super¬ 
phosphate  reduced  the  amount  of  sulphate  retained  in  the  surface  6  inches. 

Under  anaerobic  conditions  sulphates  may  be  reduced  to  hydrogen 
sulphide  (Waksman  and  Starkey,  1947)  .  This  reduction  is  brought  about 
mainly  by  the  bacterial  genus  Desulpho vibrio.  The  oxidation  of  sulphur  to 
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sulphate  can  occur  in  purely  chemical  condtions,  but  microbial  oxidation 
is  more  important.  The  genus  Thiobacillus  is  the  most  prominent  group 
of  bacteria  in  this  respect  (Starkey,  1950). 

Methods  of  Determining  Sulphur 

Sulphate  can  be  determined  gr avimetrically,  volumetrically, 
turbidimetrically,  electr ometrically,  or  colorimetrically  (Johnson  and 
Nishita,  1952;  Cassidy,  1956;  Asghar  et  al,  ,  1957;  Bertolacini  and  Barney, 
1957).  In  spite  of  the  variety  of  methods  available,  no  one  method  has  been 
widely  accepted  by  soil  scientists.  The  gravimetric  method  is  time  con¬ 
suming  and  magnitude  of  the  errors  often  equals  the  difference  between 
samples  (Chesnin  and  Yien,  1950).  Turbidimetric  methods  lack  the  necessary 
accuracy  for  sulphur  determinations  at  the  low  concentrations  found  in  the 
soil.  The  colorimetric  method  of  Johnson  and  Nishita  (1952)  is  a  micro 
method  and  has  high  precision.  Consequently,  many  workers  have  adopted 
the  method  (Williams  and  Steinbergs,  1959;  Freney,  1961;  Lowe  and 
DeLong,  1961). 


Estimating  the  Sulphur  Status  of  the  Soil 

Diagnostic  methods  for  sulphur  status  have  followed  the  general 
approaches  used  for  other  elements  such  as  nitrogen  and  phosphorus, 
which  include  extraction  by  various  solvents,  incubation,  microbial  growth, 
plant  growth,  and  plant  composition  (Freney  et  al.  ,  1961). 

Total  sulphur  is  a  poor  index  of  available  sulphur  (Bardsley  and 
Lancaster,  I960;  Spencer  and  Freney,  I960;  Walker  and  Bentley,  1961). 
Only  moderate  success  has  been  achieved  with  procedures  which  displace 
sulphate  or  soluble  sulphur  from  the  soils.  Spencer  and  Freney  (I960) 
compared  eight  methods  of  estimating  sulphur  status  with  yields  of 
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Phalaris  tuberosa  L.  in  the  greenhouse.  The  highest  correlations  were 
with  Ensminger's  (1954)  500  ppm  phosphate  solution  (r  =  0.86)  and  with 
the  Aspergillus  niger  microbiological  assay  (r  =  0.85).  They  suggested 
that  the  superiority  of  these  methods  lies  in  the  ability  of  the  phosphate 
ions  to  replace  adsorbed  sulphate  and  the  micro-organism's  ability  to 
utilize  adsorbed  sulphate. 

Lowe  (1963)  showed  an  increase  in  the  phosphate  ion  concentration 
over  the  range  0  to  0.5  M  increased  the  amount  of  extractable  sulphate. 

He  also  suggested  that  the  pH  of  the  phosphate  solution  be  adjusted  to  pH  7.0. 

McClung  and  de  Freitas  et  al .  (  1959)  found  a  high  correlation  between 
an  ammonium  acetate  extraction  and  plant  yield  while  Spencer  and  Freney 
(I960)  found  a  moderately  low  correlation  for  the  same  extraction. 

Ensminger  (1954)  found  little  difference  between  ammonium  acetate  and 
potassium  phosphate  as  extractants.  Williams  and  Steinbergs  (1962)  found 
that  a  fraction  designated  as  "heat  soluble  sulphur"  had  a  higher  "r"  value 
with  plant  growth  than  other  measures  of  available  sulphur.  Kilmer  and 
Nearpass  (I960)  found  the  fraction  extracted  by  0.5  M  sodium  bicarbonate 
at  pH  8.5  correlated  well  with  sulphur  "A"  values.  They  concluded  that 
this  reagent  extracts  a  fraction  of  the  organic  as  well  as  the  inorganic 
sulphate.  Larger  amounts  of  sulphate  are  extracted  with  sodium  bicarbonate 
at  pH  10  than  at  pH  8.5  (Kilmer  and  Nearpass,  I960)  due  to  the  increased 
solubility  of  sulphur -containing  organic  matter.  Harward  et  al .  ( 1962b) 
found  no  relationship  between  organic  sulphate  and  plant  yield. 

Water  soluble  sulphate  is  generally  a  poor  index  of  crop  response 
(Walker,  1959;  Williams  and  Steinbergs,  1959;  Spencer  and  Freney,  I960). 
Ensminger  (1954)  found  water  extracted  practically  no  sulphate. 

Bardsley  and  Lancaster  (I960)  found  a  correlation  of  r  =  0.790 
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between  reserve  sulphur  (total  soil  sulphur  minus  soluble  sulphate -sulphur) 
and  yield  of  sulphur  from  3  harvests  of  white  clover  but  did  not  determine  the 
relationship  between  reserve  sulphur  and  plant  yield.  Lowe  (1965)  sug  - 
gested  the  hydriodic  -  reducible  sulphur  may  be  a  good  indicator  of  the 
sulphur  status  of  the  soil.  Spencer  and  F reney  (I960)  previously  investi¬ 
gated  the  same  fraction  and  reported  a  correlation  of  0,753  between  "reducible 
sulphur"  and  crop  growth.  They  found  the  values  for  the  reducible  sulphur 
were  considerably  higher  than  plant  uptake  of  sulphur.  This  fraction  formed 
one-third  to  one-half  of  the  total  sulphur  in  the  soils  investigated.  It 
includes  most  of  the  inorganic  sulphur  plus  organic  sulphates.  According  to 
F reney  (1958)  it  comprises  a  larger  portion  of  the  organic  sulphate  than  does 
heat  soluble  sulphur. 

The  basic  weakness  of  using  extractants  as  indicators  of  sulphur 
status  is  their  failure  to  measure  reserve  sulphur  or  any  form  of  it. 

It  is  now  well  established  that  crops,  especially  the  crops  requiring 
large  amounts  of  sulphur,  contain  less  soluble  sulphate  in  the  herbage  if 
grown  on  sulphur-deficient  soil  (Spencer,  1959;  Dijshoorn  et  al ,  ,  I960; 

Walker  and  Bentley,  1961;  Jones,  1962,1963;  Jones  and  Martin,  1964).  It 
is  not  possible  to  determine  the  degree  of  sulphur  deficiency  from  plant 
extraction  methods.  Walker  and  Bentley  (1961)  found  70  per  cent  hot  ethanol 
extracted  amounts  of  sulphate  which  were  highly  related  to  the  sulphur  status 
of  the  soil,  but  could  not  determine  the  degree  of  sulphur  deficiency.  The 
critical  level  of  sulphate  in  alfalfa  was  found  to  be  0.09  per  cent  by  Walker 
and  Bentley  (1961).  A  fraction,  referred  to  as  "extractable  sulphur"  by 
the  same  authors,  was  equally  successful  in  assessing  the  sulphur  status  of 
the  soil.  Jones  (1962)  found  the  critical  sulphate  concentration  in  sub¬ 
clover  to  be  0.017  per  cent. 
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Walker  (1959)  found  no  relationship  between  total  nitrogen  or  amide 
nitrogen  and  legume  yield,  while  Thomas  (1950b)  reported  higher  amide 
nitrogen  concentrations  in  plants  grown  on  soils  deficient  in  sulphur. 
Dijshoorn  et  al .  ( I960)  suggests  that  plants  are  sulphur-deficient  when 
total  sulphur  content  is  less  than  0.027  X  Kjeldahl  nitrogen. 

Aspergillus  niger  has  been  found  to  be  a  simple  and  effective  method 
for  estimating  the  sulphur  status  of  the  soil  (Spencer  and  Freney,  I960). 
Walker  (1959),  however,  did  not  find  the  Aspergillus  niger  method  to  be 
effective  for  Alberta  soils. 

Summary  of  the  Literature  Review 

1.  Sulphur  is  an  essential  plant  nutrient  required  in  substantial 
amounts  . 

2.  Sulphur -deficient  plants  become  chlorotic  and  growth  is  reduced. 

3.  Soils  contain  variable  amounts  of  sulphur.  Many  soils  in  wide¬ 
spread  areas  of  the  world  are  sulphur-deficient  for  normal  plant  usage. 

4.  Losses  of  sulphur  from  the  soil  occur  by  leaching,  erosion, 
and  crop  removal. 

5.  Sulphur  is  added  to  the  soil  through  rainwater,  especially  near 
industrial  centers,  atmosphere  contamination,  manures,  insecticides, 
fungicides,  and  fe rtilize rs  . 

6.  Some  soils  have  the  ability  to  retain  sulphate  by  a  mechanism  of 
"anion  exchange",  however  other  mechanisms  appear  to  be  involved. 

7.  There  is  no  adequate  method  of  predicting  sulphur-deficiency  in 
the  soil.  Phosphate  extractions  have  given  the  highest  correlations  with 
crop  yield . 

8.  Legumes  grown  on  sulphur-deficient  soil  contain  lower  amounts 
of  inorganic  sulphur  than  plants  grown  on  sulphur -sufficient  soil. 
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MATERIAL  AND  METHODS 


A.  Field  Plots 

In  1963  and  1964,  142  test  locations  were  chosen  on  predominantly 
Grey  Wooded  soils  of  Alberta  with  the  assistance  of  the  District  Agricultur¬ 
alist  or  the  Field  Supervisor  of  the  districts  studied.  Nine  of  the  plots  were 
abandoned  and  are  not  included  in  further  discussion.  The  sites  were 
located  in  an  area  between  Whitecourt  on  the  west  and  Bonnyville  on  the 
east,  Athabasca  on  the  north  and  Looma  on  the  south.  The  area  and  the 
sites  are  shown  in  Figure  1  . 

In  the  selection  of  the  test  sites  the  following  criteria  were  sought 
and  in  most  cases  met. 

1.  Soils  were  Dark  Grey,  Dark  Grey  Wooded,  and  Grey  Wooded  on 
well  drained  or  moderately  well  drained  sites.  The  topography  was  uniform 
and  depressional  areas  were  avoided. 

2.  Sites  were  chosen  where  sulphur-containing  fertilizers  had  not 
been  used  for  at  least  3  years  .  In  most  cases  these  fertilizers  had  never 
been  used . 

3.  Forage  stands,  consisting  of  at  least  25  per  cent  legume,  were 
chosen  as  the  indicator  crop.  Poor  growth  of  legume  did  not  eliminate 
the  site,  but  a  uniform  stand  was  sought. 

4.  Pasture  fields  where  livestock  would  be  present  were  avoided. 

5.  The  locations  were  distributed  as  randomly  as  possible  through¬ 
out  the  district. 

The  soils  were  classified  by  the  Alberta  Soil  Survey*.  The 
majority  of  the  soils  were  in  the  Grey  Wooded  and  Dark  Grey  Soil  Zones; 

*  Personal  communication  with  A.  A.  Kjearsgaard. 
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For  complete  description  of  sites  see  Table  1. 
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however,  a  few  were  in  the  Black  Soil  Zone.  The  site  locations  and 
classification  of  the  soils  are  presented  in  Table  1. 

In  May  of  each  year  sodium  sulphate  was  applied  to  the  plot  area 
at  the  rate  of  88  lb. /acre  (20  lb.  sulphur,  10  ppm  in  the  surface  6  inches). 
The  1963  plot  consisted  of  a  fertilized  area  2  rods  square  surrounded  by 
an  unfertilized  border.  In  1964,  four  treatments,  each  on  an  area  2  rods 
square  were  applied,  viz:  unfertilized,  S,  NPK,  NPKS .  The  NPK  was 
obtained  from  an  application  of  150  lb  .  1 1-48-0  / acre  and  60  lb  .  0-0-60 
/  acre  .  All  applications  were  made  with  a  fertilizer  attachment  mounted 
between  2  bicycle  wheels  . 

Soil  samples  for  laboratory  analyses  were  taken  from  each  site  at 
0-6  inch,  6-12  inch,  12-24  inch,  24-36  inch,  and  36-48  inch  depths  with  a 
Bull  core  sampler ^  .  Each  sample  was  a  composite  of  four  cores,  one 

taken  at  each  corner  of  the  plot. 

2 

Rain  gauges  were  placed  at  the  center  of  most  experimental  sites. 

A  small  amount  of  mineral  oil  was  placed  in  each  rain  gauge  to  prevent 
evaporation . 

During  the  growing  season  periodic  observations  were  made  of  each 
plot  for  response  of  the  legume  to  the  applied  sulphur  and  rainfall  was 
recorded.  The  same  observations  were  made  at  harvest  time.  If  a  response 
to  the  applied  nutrient  was  observed  in  either  the  first  or  second  cutting, 
the  soil  was  considered  sulphur-deficient. 

The  alfalfa  stands  were  harvested  as  near  to  10  per  cent  legume 
bloom  as  possible.  Red  clover  and  alsike  clover  were  harvested  at  100 
per  cent  bloom.  Two  square-yard  samples  of  plant  material  were  taken 
from  each  treatment  in  a  selected  manner.  The  total  sample  was  taken  to 
the  laboratory,  dried  and  weighed. 

*  Product  of  A  .D  .  Bull  Enterprises ,  Chickasha,  Oklahoma,  U.S.A. 

2  Product  of  Victor  Rain  Gauge  Co  .  ,  Berryville,  Arkansas,  U.S.A. 
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Table  1.  Location  and  Classification  of  Soils  Studied 
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Site  had  tests  in  1963  and  1964  and  these  are  subsequently  referred  to  as  "a"  and  "b",  respectively, 
e.g.  8a  refers  to  1963  site. 
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Botanically  pure  samples  of  alfalfa  were  taken  from  the  non¬ 
flowering  terminal  portion  of  plants  in  blossom  to  assure  equal  physiological 
age.  For  red  clover  and  alsike  clover  the  bloom  was  included  in  the  sample. 
Some  100  to  125  g.  of  plant  material  (green  weight)  were  collected  at 
random  to  give  approximately  25  g.  of  dry  material.  The  samples  were 
immediately  transferred  to  a  refrigerated  container  and  frozen. 

B.  Laboratory  Analyses 

(1)  Plant  Samples 

The  plant  samples  were  stored  in  a  deepfreeze  until  they  were  dried 
in  a  freeze  dryer.  Following  drying  the  samples  were  ground  in  a  Wiley 
(intermediate  model)  laboratory  grinding  mill  and  stored  in  labelled  glass 
containers  until  analyzed. 

Ammoniacal  and  organic  nitrogen  were  determined  on  all  plant 
samples  by  the  Kjeldahl-Wilfarth -Gunning  method  (A.O.A.C.,  1955).  A 
commercial  catalyst  containing  K2SO4  ,  HgO,  and  CuSQj  was  used.  The 
ammonia  was  collected  in  4  per  cent  boric  acid  as  suggested  by  Meeker  and 
Wagner  (1933)  and  titrated  against  standardized  sulphuric  acid.  Soluble 
sulphate,  extracted  by  hot  70  per  cent  ethanol,  was  determined  by  the  method 
of  Walker  (1961). 

(2)  Soil  Samples 

The  soil  samples  were  air  dried  and  ground  to  pass  through  a  2  mm. 
sieve.  A  separate  soil  moisture  sample  previously  collected  and  weighed 
in  the  field,  was  oven  dried  at  105°  C.  for  24  hours,  weighed  and  the 
moisture  percentage  calculated.  The  1/3  atmosphere  method  for  field 
capacity  (U.S.D.A.  Handbook  60,  1954)  was  used  on  the  soil  samples  col¬ 
lected  in  1963 . 
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Routine  analyses  were  done  by  the  Agricultural  Soil  and  Feed 
Testing  Laboratory  on  the  0-6  inch  and  6-12  inch  samples  for  all  test 
sites.  Nitrate  nitrogen  was  determined  as  outlined  by  Spurway  and 
Lawton  (1949).  To  5  g.  of  soil  were  added  25  ml.  of  0.  024  N  HAc,  then 
shaken  for  2  minutes  and  filtered.  The  nitrate  was  determined  with 
diphenylamine  solution.  The  Kitson  and  Mellon  (1944)  method  was  used  to 

determine  phosphorus.  After  extracting  with  0.  03  N  H2SO4  and  0.  03  N  NH4F, 

the  color  was  developed  by  adding  5  ml.  each  of  5  N  sulphuric  acid,  0.  25 
per  cent  ammonium  vanadate,  and  5  per  cent  ammonium  molybdate  in 
succession  to  the  extract  and  reading  in  a  spectrophotometer.  Available 
potassium  was  estimated  by  the  Spurway  and  Lawton  procedure  (1949).  The 
potassium  in  the  0.  024  N  HAc  extract  was  determined  on  a  Baird  flame 
photometer. 

The  soil  paste  method  of  Doughty  (1942)  was  used  to  determine  the 
pH  of  the  soil  samples.  A  Beckman  H-2  pH  meter  equipped  with  glass  and 

calomel  electrodes  was  used. 

For  a  more  comprehensive  study  of  the  soils,  4  responsive  soils 
and  4  non-r esponsive  soils  were  chosen.  For  the  purpose  of  this  study, 
a  responsive  soil  was  one  on  which  legumes  responded  to  applied  sulphur 
and  a  non-r  esponsive  soil  was  one  on  which  legumes  did  not  respond  to 
applied  sulphur.  The  following  were  the  criteria  for  selection  of  the  8  soils: 

1.  The  plant  yields  were  substantial. 

2.  The  same  behavior  was  noted  on  the  plots  for  both  years  of  the 

study. 

3.  The  duplicate  sites  were  close  together  both  years. 

4.  Separation  of  responsive  and  non-r  esponsive  soils  could  be 
made  by  the  hot  70  per  cent  ethanol  extractable  method  of  Walker  and 
Bentley  (1961). 
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5.  There  was  a  range  of  available  phosphate. 

6.  The  soils  were  in  the  Podzolic  or  Gleysolic  orders. 

The  eight  soils  studied  are  listed  in  Table  2. 

For  the  comprehensive  study,  composite  soil  samples  for  each 
depth  at  each  site  were  prepared  by  mixing  equal  weights  of  the  sample 
obtained  in  each  of  the  two  years  .  A  portion  of  the  bulked  sample  was 
ground  with  a  mortar  and  pestle  to  pass  through  a  60  mesh  sieve. 

Total  carbon  was  determined  on  the  Leco  Induction  Furnace  (Leco 
Equipment  Corporation,  1957).  Organic  and  ammoniacal  nitrogen  were 
determined  on  the  selected  soil  samples  by  the  Kjeldahl  method  referred 
to  previously.  Mechanical  analyses  was  preformed  by  the  method  outlined 
by  Toogood  and  Peters  (1953). 

Total  sulphur  was  determined  on  the  Leco  Induction  Furnace  and 
Titrator  (Leco  Equipment  Corporation,  1959).  A  0.25  g.  sample  of  60 
mesh  soil  was  placed  in  a  crucible  with:  a  0.5  g.  copper  ring,  approximately 
2.5  g.  powdered  sulphur-free  iron,  and  1.0  g.  of  powdered  tin.  The  SO2 
driven  off  was  titrated  against  a  standard  iodate  solution.  The  blank 
often  represented  80  to  90  per  cent  of  the  final  reading.  For  this  reason 
precision  was  low  with  error  ranging  from  15  to  25  per  cent.  The  copper 
ring  was  responsible  for  the  high  blank,  but  it  was  necessary  to  obtain 
acceptable  results.  The  method  has  the  advantage  of  being  rapid. 

Several  sulphur  fractions  were  determined.  All  of  the  final  esti¬ 
mations  of  sulphur  throughout  the  study  in  the  extractions  were  made  by 
the  Johnson  and  Nishita  method  (1952).  The  essential  features  of  the 
method  included  reduction  of  the  sulphur -containing  compounds  to  sulphide 
by  a  boiling  hydryiodic  and  hypophosphorous  acid  mixture,  trapping  the 
liberated  sulphide  in  zinc  acetate  and  development  of  the  methylene  blue 
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Table  2.  Soils  Used  in  Detailed  Study 


Sample 

S  ite 

Depth 
in  Inches 

Soil  Series 

I.  Non- 

responsive  sites: 

A1 

45 

0-  6 

* 

A2 

6-12 

A3 

12-24 

A4 

24-36 

B  1 

66 

0-  6 

a* ** 

B2 

6-12 

B3 

12-24 

B4 

24-36 

Cl 

80 

0-  6 

Maywood  Si.  C  . 

C2 

6-12 

C  3 

12-24 

C4 

24-36 

D 1 

84 

0-  6 

Cooking  Lake  Si.  L. 

D2 

6-12 

D3 

12-24 

D4 

24-36 

II.  Responsive 

sites : 

El 

76 

0-  6 

Cooking  Lake  Si.  L 

E2 

6-12 

E3 

12-24 

E4 

24-36 

FI 

69 

0-  6 

Leith  S  .  L  . 

F2 

6-12 

F3 

12-24 

F  4 

24-36 

G 1 

46 

0-  6 

Cooking  Lake  L. 

G2 

6-12 

G3 

12-24 

G4 

24-36 

HI 

5  6 

0-  6 

Cooking  Lake  Si.  L 

H2 

6-12 

H3 

12-24 

H4 

24-36 

*  Not  named,  was  a  Humic  Eluviated  Gleysol. 

**  Not  named,  was  an  Orthic  Grey  Wooded. 
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color  with  N-N-dimethyl-p-phenylenediaminesulphate..  The  color 
intensity  was  read  in  a  Beckman  model  B  spectrophotometer. 

One  hundred  ml.  digestion  flasks  were  used.  The  flask  was 
attached  to  a  condenser  which  was  connected  to  a  washing  column.  The 
collecting  units  were  50  ml.  volumetric  flasks.  Two  ml.  of  sample  and 
4  ml.  of  reducing  solution  were  used  except  in  the  following  cases.  Slight 
modifications  were  made  in  the  method  for  the  very  low  concentrations  of 
sulphur  when  a  4  ml.  aliquot  of  sample  and  8  ml.  of  reducing  solution  were 
used.  The  sulphide  was  trapped  in  a  25  ml.  volumetric  flask.  The 
method  had  high  precision  at  low  concentrations  of  sulphur.  The  accuracy 
is  higher  than  for  other  methods  reported  in  the  literature. 

Two  problems  were  encountered.  The  nitrogen  flow  rate  proved 
to  be  critical  on  the  apparatus  used  in  this  study.  If  the  flow  rate  was  too 
high  hydriodic  acid  was  carried  over  into  the  zinc  acetate  trapping  solution 
causing  a  brown  color  to  form  instead  of  the  characteristic  blue  of  methylene 
blue.  Contamination  from  the  atmosphere  was  encountered  when  the  appar¬ 
atus  was  left  open  at  night.  The  error  was  corrected  when  the  system 
remained  closed. 

The  Hl-reducible  sulphur  fraction  was  determined  by  the  method 
of  Spencer  and  Freney  (I960).  A  0.  100  to  0.  500  g.  soil  sample  was  put 
directly  into  the  digestion  flask  of  the  Johnson  and  Nishita  apparatus  and 
4  ml.  of  reducing  mixture  was  added.  After  heating  for  1  hour  the  methylene 
blue  color  was  developed.  Error  for  this  method  was  about  5  per  cent. 

Carbon  bonded  sulphur  was  determined  by  the  method  of  DeLong 
and  Lowe  (1962).  A  0.  100  to  0.  500  soil  sample  was  placed  in  the  digestion 
flask  of  Johnson  and  Nishita  (1952).  The  other  essential  features  were 

desulphurization  of  organic  compounds  with  Raney  nickel  in  a  basic  media, 
acidification  with  HC1  and  development  of  methylene  blue. 
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The  500  ppm  phosphate  extractable  sulphate  was  determined  by 
the  method  of  Ensminger  (1954)  and  is  hereafter  referred  to  as  "extract- 
able  sulphate".  A  20.0  g.  soil  sample  was  equilibrated  with  100  ml.  of 
KH^PO^  (500  ppm  P)  for  one -half  hour.  After  extraction  by  filtration 
the  sulphate  was  determined  using  the  Johnson  and  Nishita  method 
(1952).  The  extract  contained  water  soluble  as  well  as  adsorbed  sulphate. 
Good  precision  was  obtained  between  the  duplicate  soil  extractions. 

Easily  soluble  and  adsorbed  sulphate  were  determined  by  Lowe's 
method  (1965),  Duplicate  20,0  g.  soil  samples  were  shaken  for  20 
minutes  in  50  ml.  of  0.001  N  HC1,  then  leached  with  an  additional  45  ml. 
acid.  The  combined  extract  was  made  up  to  a  volume  of  100  ml.  The 
same  sample  was  leached  with  90  ml.  of  0 . 5  M  phosphate  solution 
buffered  at  pH  7.0.  The  leachate  was  made  up  to  100  ml.  volume.  The 
sulphate  in  the  2  extracts  was  determined  by  the  methylene  blue  method 
(Johnson  and  Nishita,  1952). 
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RESULTS  AND  DISCUSSION 


A  .  F ield  Plots 

The  sulphur  status  of  the  soil  was  evaluated  on  the  basis  of  re¬ 
sponse  of  the  legumes  to  applied  sulphur.  Responses  were  defined  on 
the  basis  of  visual  observation  and  yield  data  with  the  main  emphasis  on 
the  former.  The  duplicate  square  yard  determinations  frequently  varied  by 
50  per  cent  and  these  differences  were  often  greater  than  differences 
between  plots.  If  the  crop  response  to  sulphur  was  dubious,  as  it  was  in 
many  cases,  the  soil  was  included  in  the  non-responsive  category.  If, 
however,  the  crop  grown  on  the  soil  responded  to  sulphur  application 
either  in  the  first  or  second  cut,  it  was  put  in  the  responsive  category. 

Some  plots  were  still  difficult  to  separate.  There  were  many  errors 
inherent  in  this  method  of  evaluating  the  sulphur  status  of  the  soil,  but  it 
was  the  best  alternative  available.  Controlled  conditions  are  difficult  to 
obtain  in  the  field.  The  results,  therefore,  apply  only  to  the  years 
studied.  Soils  which  were  found  to  be  non-responsive  in  this  investigation 
may  respond  in  years  of  higher  rainfall  or  if  cropping  intensity  is  increased. 
The  errors,  in  the  author's  opinion,  resulted  in  an  underestimation 
rather  than  overestimation  of  the  extent  of  sulphur  deficiency. 

Tables  3  and  4  give  the  field  data  for  1963  and  1964.  Response 
to  the  applied  sulphur  occurred  on  28  of  78  soils  in  1963  and  on  16  of  55 
soils  in  1964.  Thus,  31  per  cent  of  the  sites  investigated  in  this  study 
were  sulphur- responsive ,  compared  to  45  per  cent  for  the  area  studied 
by  Walker  (1959). 

Two  of  the  sites  studied  (29  and  94)  were  located  on  the  same 
quarter-sections  as  2  plots  previously  investigated  by  Hoff  (1953).  In 
both  cases  site  29  was  responsive  and  site  94  was  non-responsive. 
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Table  3.  Dry  Matter  Yields,  Available  Nutrients,  and  pH  of  1963  Sites 


Yields  ,  Tons /ac  .  Available  Nutrients 


Site 

Series 

Predominant  Check 
Legume  Plot 

S. 

Plot 

V  isual 
Response 

N 

pp2m 

P 

K 

PH 

1 

Ck.L. 

Alfalfa 

0.43 

0.44 

No 

11 

52 

178 

6.  1 

2a 

Ck.L. 

Alfalfa 

1.22 

1.48 

No 

2 

14 

98 

6.2 

3 

Ck.L. 

Alfalfa 

1.03 

1.55 

No 

9 

22 

88 

6.0 

5 

Me  . 

Alfalfa 

1.26 

0.84 

No 

4 

3 

68 

4.9 

6 

Me  . 

Alfalfa 

0.68 

0.64 

No 

2 

3 

58 

5.3 

7a 

Fn. 

Alfalfa 

0.86 

1.25 

No 

2 

7 

78 

6 . 5 

8a 

Ck.L. 

Alfalfa 

0.65 

1.06 

Yes 

2 

42 

78 

6.7 

9 

Fn. 

Alfalfa 

1.03 

1.12 

No 

11 

8 

36 

7.2 

10 

Ck.L. 

Alfalfa 

0.42 

0.72 

Yes 

4 

42 

52 

6.8 

11 

Cu . 

Alfalfa 

-  - 

-  - 

No 

2 

124 

60 

6.9 

12a 

Ck.L. 

Alfalfa 

1.09 

1.23 

Yes  ** 

2 

77 

60 

7.8 

13 

Rm . 

Alfalfa 

-  - 

No 

9 

8 

36 

6.3 

15a 

Ck.L. 

Alfalfa 

1.38 

1  .40 

No 

4 

19 

82 

6.2 

16 

Un. 

Alfalfa 

0.65 

0.68 

No 

7 

3 

26 

6.8 

18a 

Ck.L. 

Alfalfa 

0.73 

0.58 

No 

7 

17 

32 

6.3 

19 

Un. 

Alfalfa 

No 

16 

40 

6.4 

20 

Ck.L. 

Alfalfa 

0.79 

1 .20 

Yes 

2 

108 

118 

6.9 

21 

Un. 

Alfalfa 

-  - 

— 

No 

2 

9 

34 

6.2 

22 

Ck.L. 

Alfalfa 

1.21 

1.33 

No 

2 

16 

50 

6.2 

23 

Ck.L. 

Alfalfa 

0.61 

0.55 

No 

2 

8 

34 

5.8 

24 

Ck.L. 

Alfalfa 

0.81 

1.01 

Yes 

0 

229 

174 

6.9 

25 

Ck.L. 

Alfalfa 

1.02 

1.46 

Yes 

0 

55 

60 

6.6 

26 

Ck.L. 

Alfalfa 

0.80 

1.07 

Yes 

2 

21 

88 

6 . 6 

27 

Un. 

Alfalfa 

0.94 

1.36 

Yes 

2 

98 

66 

7.1 

28 

Rw . 

Alfalfa 

0.72 

0.98 

Yes 

0 

84 

120 

6.8 

29 

Ck.L. 

Alfalfa 

0.29 

0.63 

Yes 

0 

34 

62 

6.7 

30 

Alfalfa 

0.64 

0.60 

No 

4 

236 

116 

6.3 

31 

Ck.L. 

Alfalfa 

1.05 

1.59 

Yes 

7 

12 

58 

6.1 

33a 

Un. 

Alfalfa 

— 

No 

13 

8 

32 

6.  1 

35 

Ck.L. 

Alfalfa 

-  - 

— 

No 

18 

20 

52 

6.7 

37a 

Cu . 

Alfalfa 

1.03 

1.89 

Yes 

4 

139 

94 

6. 5 

38a 

Un. 

Alfalfa 

2. 17 

2.45 

No 

18 

14 

54 

7.0 

39a 

Alsike 

0.92 

1.01 

Yes 

18 

19 

52 

6 . 5 

40 

Fn. 

Red  clover 

1.25 

1.40 

No 

13 

17 

60 

6.1 

42 

Fn. 

Alfalfa 

1.12 

1.29 

Yes 

31 

4 

70 

6.4 

44 

To. 

Alfalfa 

1.02 

1.10 

No 

4 

98 

104 

7.5 

* 

Series  not 

named,  for 

complete 

information  see 

Table  1 

*  * 

Response 

observed  in 

the  second  cut  o 

nly . 

T  Trace. 


. 

-  32  - 


Table  3.  (Continued) 


Yields  ,Tons/ac.  Available  Nutrients 


Site 

Series 

Predominant 

Legume 

Check 

Plot 

S. 

Plot 

V  isual 
Response 

N 

pp2m 

P 

K 

PH 

45a 

* 

Alsike 

1  .  10 

1.45 

No 

13 

7 

76 

7.1 

46a 

Ck.L. 

Alfalfa 

0.67 

1.02 

Yes 

2 

26 

74 

6.5 

47 

Ck.L. 

Alfalfa 

0.22 

0.62 

Yes 

2 

93 

52 

6.4 

48 

Alfalfa 

1.42 

1.52 

No 

T 

4 

50 

7.8 

50 

Un. 

Red  clover 

1.55 

1.37 

No 

T 

15 

46 

6.0 

52 

Fn. 

Alfalfa 

0.49 

0.94 

No 

7 

6 

114 

6 . 5 

53 

Fn. 

Alfalfa 

1.38 

2.00 

No 

11 

11 

36 

7.0 

54 

Ck.L. 

Alfalfa 

1.15 

1.21 

No 

7 

90 

144 

6.8 

55 

Ck.L. 

Alfalfa 

1.96 

1.76 

No 

13 

52 

66 

6.6 

56a 

Ck.L. 

Alfalfa 

1.08 

1  .41 

Yes 

9 

39 

68 

6 . 5 

57 

Ck.L. 

Alfalfa 

1.43 

1.61 

Yes 

9 

165 

120 

6.8 

58 

Ck.L. 

Alfalfa 

1.12 

1.52 

No 

13 

115 

82 

7.1 

59 

To. 

Red  clover 

0.80 

1.11 

Yes 

11 

35 

60 

6.9 

6  la 

* 

Alfalfa 

1.13 

1.19 

Yes 

2 

21 

68 

7.4 

62 

Ck.L. 

Alfalfa 

1.32 

1.52 

No 

2 

20 

74 

6.4 

64 

* 

Alsike 

1.31 

2.00 

Yes 

11 

67 

196 

7.5 

66a 

* 

Alfalfa 

0.98 

1.46 

No 

4 

16 

48 

6.8 

67 

To. 

Alfalfa 

0.69 

0.87 

No 

7 

10 

30 

5.5 

69a 

Le. 

Alfalfa 

0.85 

1.32 

Yes 

7 

143 

86 

6 . 5 

70 

Un. 

Alfalfa 

0.36 

0.33 

No 

7 

68 

40 

6.3 

71 

Ck.L. 

Alfalfa 

— 

No 

9 

96 

102 

6 . 6 

72 

Rm . 

Alfalfa 

-  - 

No 

11 

9 

34 

6 . 6 

73 

Me  . 

Alfalfa 

0.97 

0.98 

No 

7 

19 

3  6 

5.9 

75a 

Un. 

Alfalfa 

0.78 

0.89 

No 

4 

38 

48 

6.7 

76a 

Ck.L. 

Alfalfa 

0.56 

0 . 66 

Yes 

11 

181 

132 

7.1 

77 

Mw . 

Alfalfa 

-  - 

-  - 

No 

7 

77 

82 

6. 5 

78 

Alfalfa 

1.07 

1  .  15 

No 

7 

8 

66 

6.2 

80a 

Mw . 

Alsike 

1.12 

1.23 

No 

11 

3 

68 

5.8 

81a 

* 

Alfalfa 

1.50 

1.54 

Yes 

4 

112 

110 

6.3 

82a 

Mw  . 

Alfalfa 

0.64 

0.72 

Yes 

4 

15 

54 

6.4 

83a 

Mw  . 

Alfalfa 

0.89 

1.10 

No 

4 

61 

172 

6.8 

84a 

Ck.L. 

Alfalfa 

0.89 

0.81 

No 

7 

30 

54 

6.8 

85 

* 

Alfalfa 

M»  — 

m.  mm> 

No 

9 

4 

22 

7.8 

86 

* 

Alfalfa 

0.86 

0.92 

No 

7 

14 

22 

6.2 

87a 

* 

Alfalfa 

1.85 

2.00 

No 

7 

23 

160 

7.8 

88a 

>!< 

Alsike 

1.19 

1.15 

No 

4 

8 

52 

7.1 

Table  3.  (Continued) 


Site 

Series 

Predominant 

Legume 

Y  ields, 

T  ons  / 

ac. 

Available 

Nutrients 

pH 

Check 

Plot 

S. 

Plot 

V  isual 
Response 

N 

pp2m 

P  K 

89 

Kv. 

Alfalfa 

No 

4 

47 

32 

5.8 

90 

Kv. 

Alfalfa 

-  - 

-  - 

No 

11 

14 

12 

6.  1 

103 

-  - 

Alfalfa 

-  - 

-  - 

No 

0 

14 

50 

7.0 

104 

Alfalfa 

— 

No 

0 

14 

58 

7.7 

105 

Alfalfa 

.. 

_  ob 

No 

4 

42 

42 

6 . 5 

106 

-  _ 

Alfalfa 

-  - 

-  W 

No 

7 

6 

36 

6 . 5 

*  Series  not  named,  for  complete  information  see  Table  1. 
**  Response  observed  in  the  second  cut  only. 

T  Trace. 
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Table  4 


SEE  OVER 


'T  able  4  .  D  ry 

Matter  Y ields , 

Available  Nutrients,  and  pH  of  1964  Plots 

Check  Plot 

S.  Plot 

NPK  Plot 

Soil 

Predominant 

Yield 

Yield 

Yield 

Site 

Series 

Legume 

Tons/ ac . 

Tons / ac . 

Tons / ac . 

2b 

Ck.L. 

Alfalfa 

0.84 

0.97 

1.16 

4 

Mw  . 

Alfalfa 

0.96 

1  .12 

1 .06 

7b 

Fn. 

Alfalfa 

0.92 

0.48 

0.50 

8b 

Ck.L. 

Alfalfa 

— 

-  - 

1  lb 

Cu  . 

Alfalfa 

12b 

Ck.L. 

Alfalfa 

-  - 

-  «. 

«* **  - 

14 

Rm. 

Alfalfa 

0.64 

0.43 

0.68 

15b 

Ck.L. 

Alfalfa 

— 

17 

Ck.L. 

Alfalfa 

0.57 

0.38 

0.71 

18b 

Ck.L. 

Alfalfa 

0.80 

0.92 

1 .07 

32 

Ck.L. 

Alfalfa 

1.43 

1  .38 

1.44 

33b 

Un. 

Alfalfa 

0.31 

0.39 

0.29 

34 

Ck.L. 

Alfalfa 

—  » 

mm 

mm  mm 

36 

Ck.L. 

Alfalfa 

0.90 

0.75 

0.79 

37b 

Cu. 

Alfalfa 

1.43 

0.87 

1.38 

38b 

Un. 

Alfalfa 

1.35 

1.07 

1.21 

39b 

* 

Alfalfa 

0.91 

0.79 

0.77 

41 

Ck.L. 

Alfalfa 

0 . 66 

0.80 

0.75 

43 

Alfalfa 

1.17 

0.88 

1.31 

45b 

Alsike 

1.01 

1.27 

1.16 

46b 

Ck.L. 

Alfalfa 

0.39 

0.61 

0.67 

49 

* 

Alfalfa 

1 .  15 

1.36 

1.08 

51 

Ck.L. 

Alsike 

— 

-  - 

-  - 

56b 

Ck.L. 

Alfalfa 

1.04 

1.46 

2.51 

58b 

Ck.L. 

Alfalfa 

1.26 

1.31 

1 .57 

60 

•V 

Red  clover 

-  - 

-  _ 

-  - 

61b 

sV 

T 

Alfalfa 

1.16 

0.81 

1.02 

63 

Ck.L. 

Red  clover 

0.63 

0.99 

1  .  13 

65 

❖ 

Alsike 

1.24 

0.99 

1.22 

66b 

>:< 

Alfalfa 

1.06 

1.24 

1.46 

68 

Kw . 

Alfalfa 

0.75 

0.71 

0.96 

69b 

Le. 

Alfalfa 

0.64 

1.38 

1.24 

*  Series  not  named,  for  complete  information  see  Table  1. 

**  Response  observed  in  the  second  cut  only. 
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NPKS  Plot 
Yield 

T  ons / ac . 

V  isual 
Response 
to  S 

Available  Nutrients 

pp2m 

N  P  K 

PH 

0.90 

No 

13 

9 

146 

6.7 

1.18 

No 

1 

18 

114 

6.7 

1 .20 

No 

9 

63 

74 

6.6 

No 

T 

52 

60 

6.8 

«.  an 

Yes 

0 

157 

76 

6.9 

-  - 

No 

0 

49 

94 

7.7 

0.64 

No 

2 

7 

58 

6 . 5 

No 

0 

85 

70 

6.5 

0.41 

No 

T 

3 

22 

6.7 

1.03 

No 

0 

6 

32 

6.9 

1.22 

No 

11 

32 

54 

6.8 

0.35 

No 

2 

8 

42 

6.3 

Yes 

0 

41 

46 

6.9 

0.82 

No 

0 

20 

48 

6.2 

1.27 

No 

0 

189 

76 

6.3 

1  .  18 

No 

0 

23 

46 

7.1 

0.78 

No 

0 

3  6 

94 

6 . 6 

1  .  12 

Yes 

0 

232 

106 

7.0 

0.92 

Yes** 

0 

4 

60 

7.  1 

1.13 

No 

13 

9 

58 

6.7 

0.76 

Yes 

0 

43 

70 

6 . 5 

1 .41 

No 

2 

25 

70 

7.0 

a.  im 

No 

31 

33 

60 

6 . 6 

1.92 

Yes 

7 

51 

52 

6 . 5 

1.55 

Yes  ** 

16 

30 

58 

7.0 

_  mm 

No 

16 

2 

50 

8.2 

1.11 

Yes  ** 

13 

14 

82 

7.6 

1.00 

Yes 

T 

4 

68 

5.8 

1.16 

No 

13 

23 

88 

7.5 

1.66 

No 

2 

7 

34 

6 . 8 

0.80 

No 

0 

28 

48 

5.8 

1.24 

Yes 

2 

95 

62 

6 . 5 

*> 
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Table  4.  (Continued) 


S  EE  OVER 


Table  4.  (Continued) 


Site 

Soil 

Series 

Predominant 

Legume 

Check  Plot 
Yield 
Tons/ac . 

S.  Plot 

Yield 

Tons / ac . 

NPK  Plot 
Yield 

Tons / ac . 

74 

Ck.L. 

Alfalfa 

r  mm 

75b 

Un. 

Alfalfa 

~  - 

-  - 

-  - 

76b 

Ck.L. 

Alfalfa 

0.70 

1.03 

1.59 

79 

* 

Alfalfa 

0.56 

0.71 

0.62 

80b 

Mw  . 

Alsike 

—  «*. 

mm 

81b 

>!< 

Alfalfa 

1.78 

1.68 

2.27 

82b 

Mw . 

Alfalfa 

-  - 

— 

83b 

Mw  . 

Alfalfa 

84b 

Ck.L. 

Alfalfa 

1.64 

1.55 

1.78 

87b 

Alfalfa 

2.46 

2.20 

1.75 

88b 

•x. 

Alsike 

0.51 

0.52 

1.12 

91 

Un. 

Alfalfa 

1.18 

0.50 

0.98 

92 

Un. 

Alfalfa 

1.16 

1.40 

1  .46 

93 

Fn. 

Alfalfa 

0.96 

1.12 

1.06 

94 

Ck.L. 

Alfalfa 

0.98 

0.98 

1.00 

95 

Fn. 

Alfalfa 

1.31 

1.44 

1.48 

96 

Ck.L. 

Alfalfa 

0.95 

1.03 

0.92 

97 

Ck.L. 

Alfalfa 

0.99 

0.90 

0.90 

98 

Fn. 

Alfalfa 

-  - 

•  — 

99 

Un. 

Alfalfa 

0.67 

0.96 

0.63 

100 

Ck.L. 

Alfalfa 

0.48 

0.90 

0.47 

101 

sV 

Alfalfa 

2.01 

2.07 

1  .40 

102 

Ck.L. 

Red  clover 

0.92 

0.91 

1.20 

*  Series  not  named,  for  complete  information  see  Table  1. 
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NPKS  Plot 
Yield 
Tons/ac . 

V  isual 
Response 
to  S 

Available  Nutrients 
pp2m 

N  P  K 

PH 

Yes 

7 

7 

32 

6.4 

Yes 

9 

25 

58 

6.7 

1.14 

Yes 

2 

142 

104 

7.0 

0.88 

No 

0 

15 

120 

6 . 5 

—  _ 

No 

T 

4 

74 

5.7 

1.92 

Yes 

0 

43 

60 

7.1 

-  - 

Yes 

T 

14 

46 

6.4 

No 

0 

66 

162 

6.6 

1.79 

No 

0 

97 

58 

7.0 

2.40 

No 

7 

28 

26 

8.0 

1.16 

No 

40 

2 

50 

7.8 

0.74 

No 

16 

6 

138 

7.0 

1 .44 

No 

T 

4 

70 

6 . 6 

1.18 

No 

T 

38 

132 

6.7 

1.08 

No 

4 

84 

94 

7.2 

1.54 

No 

T 

8 

82 

7.1 

0.84 

No 

7 

10 

90 

7.5 

0.96 

No 

2 

13 

74 

6.9 

— 

No 

T 

22 

116 

6.1 

0.75 

No 

T 

87 

34 

7.1 

1.19 

Yes 

2 

61 

26 

6.9 

1.92 

No 

16 

61 

98 

6 . 4 

1.20 

No 

0 

0 

62 

6.8 
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Deficient  soils  were  not  restricted  to  particular  geographic  areas 
or  to  particular  soil  series.  At  48  sites  the  soil  used  was  classified  as 
either  Cooking  Lake  L.  -  S.  L.  or  an  Orthic  Grey  Wooded,  both  being 
developed  on  glacial  till.  Response  was  noted  at  44  per  cent  of  these  sites 
compared  to  only  31  per  cent  for  the  entire  project.  Eighty -three  per 
cent  of  the  legume  crops  grown  on  the  sandier  soils  responded  to  sulphur 
compared  to  9  per  cent  for  the  finer  textured  soils.  The  yield  increases 
also  appeared  to  be  greater  on  the  sandy  soils.  However,  the  number  of 
sites  with  sandy  or  fine  textured  soil  was  too  limited  for  any  definite 
conclusion  to  be  made.  Legumes  grown  on  the  finer  textured  soils  re¬ 
sponded  to  sulphur  to  a  much  lesser  extent. 

Legumes  grown  in  the  Cooking  Lake  district  failed  to  show  any 
response  to  sulphur  fertilization  (Figure  1)  possibly  because  of  sulphur 
brought  down  in  the  precipitation.  Hoff  (1953)  measured  4.9  lb.  of 
sulphur/acre  for  the  growing  season  near  Edmonton.  Considering  the 
proximity  of  the  industrial  plants  in  Edmonton,  it  is  possible  that  the 
area  received  sufficient  sulphur  to  meet  the  demands  of  the  crop  in  the 
years  studied.  Responses  to  sulphur  in  this  area  were  recorded  in  1959 
and  I960  (Alberta  Advisory  Fertilizer  Committee,  1959,  I960). 

Moisture  conditions  were  for  the  most  part  poor  throughout  the 
course  of  this  investigation.  The  entire  area  was  generally  dry  in  1963 
with  rainfall  varying  from  0.7  inches  to  3 . 0  inches  from  May  1  to  July  1. 
The  eastern  area  generally  had  more  rain  than  the  western  portion  in 
1963  (Appendix  1).  In  1964,  however,  the  eastern  area  was  extremely 
dry.  The  western  area  had  low  precipitation  in  the  early  part  of  the 
season,  but  by  August  1  over  5  inches  had  been  recorded  at  most  sites. 

Rainfall  no  doubt  influenced  the  responses  obtained.  Responses 
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were,  however,  obtained  at  some  sites  where  rainfall  was  low  while  at 
other  sites  no  response  could  be  observed  with  high  rainfall. 

Soil  moisture  at  lower  depths  generally  was  low  for  all  soils 
studied.  In  the  eastern  area  surface-soil  moisture  was  also  very  low. 
Surface  moisture  was  higher  in  the  western  area  in  1964.  The  low  rain¬ 
fall  and  soil  moisture  conditions  experienced  in  this  study  probably  resulted 
in  an  underestimate  of  the  extent  of  the  sulphur  deficiency. 

Residual  effects  of  the  1963  sulphur  applications  were  observed 
at  sites  8,  29,  46,  56,  69,  and  81.  In  the  case  of  site  8,  sulphur  response 
was  not  observed  on  the  adjoining  1964  plot,  probably  because  of  the  low 
rainfall  which  was  0.4  inches  from  May  1  to  July  1. 

Nitrate  nitrogen  was,  with  few  exceptions,  very  low  in  the  surface 
6  inches  of  soil.  This  is  the  usual  observation  on  soils  growing  forage 
crops.  Available  phosphorus  and  potassium  were  extremely  variable  from 
site  to  site  (Tables  3  and  4).  Available  potassium  levels  were  low  in  the 
surface  6  inch  depth  of  most  soils;  on  24  per  cent  of  the  sites  it  was  less 
than  50  lb. /acre.  Available  phosphorus  in  the  0-6  inch  depth  varied  from 
0  to  236  lb. /acre. 

In  1963  low  amounts  of  available  phosphorus  were  found  on  non- 
responsive  soils  more  frequently  than  on  responsive  soils  as  shown  by  the 
following  table: 


Available 
Phospho  rus 
pp2m 


0-  30 
31-  60 
61-120 
120  + 


R  esponsive 


Number  Per  Cent 


7 

6 

7 

5 


28 

24 

28 

20 


Non- responsive 
Number  Per  Cent 


39 

5 

7 

2 


73 

9 

13 

4 


25 


53 
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This  observation  was  in  agreement  with  the  work  of  McClung  and 
de  Freitas  (1959)  and  suggested  the  inclusion  of  an  NPK  treatment  in  the 
plot  design.  In  1964  NPK  and  NPKS  treatments  were  included  in  the  plots 
design  as  previously  described  in  material  and  methods. 

Sulphur  responses  were  not,  however,  observed  on  the  NPKS 
treatment  compared  to  the  NPK  treatment  when  there  was  no  response  on 
the  accompanying  S,  check  treatment.  The  observation  could  be  a  result 
of  one  or  both  of  the  following  explanations: 

1.  The  NPK  remained  on  the  surface  of  the  soil. 

2,  NPK  were  being  supplied  in  sufficient  amounts  to  the  plant  by 
the  soil  to  allow  a  response  to  S. 

Because  of  the  drought  conditions  which  prevailed  throughout  the  study 
and  the  immobility  of  phosphorus,  the  author  favors  the  former  suggestion. 
Nitrogen  is  not  usually  a  limiting  factor  in  legume  production  and  potassium 
deficiencies  are  uncommon  in  Alberta.  Failure  of  the  legume  to  respond 
on  soils  low  in  available  phosphorus  occurred  to  a  lesser  extent  in  1964 
as  shown  in  the  accompanying  table: 


Available 

Phosphorus 

pp2m 


Responsive 
Number  Per  Cent 


Non- responsive 
Number  Per  Cent 


0-  30 

7 

43 

25 

64 

31-  60 

4 

25 

6 

15 

61-120 

2 

12 

7 

18 

120+ 

3 

20 

1 

3 

16  39 


At  6  sites  a  yield  increase  was  observed  on  the  NPK  treatment  and 
not  on  the  S  treatment.  This  suggests  that  climatic  conditions  were  not  a 
major  factor  at  these  sites  and  the  observation  that  these  soils  are 
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non-deficient  in  sulphur  is  more  conclusive  than  at  many  other  sites. 

The  pH  of  the  surface  0-6  inches  ranged  from  4.9  to  8.0,  the 
majority  of  the  soils  being  between  pH  6.0  and  7.5. 

B.  Laboratory  Analyses 

(1)  Plant  Samples 

The  ethanol-soluble  sulphate  content  of  the  legume  samples  is 
listed  in  Table  5.  The  average  ethanol -soluble  sulphate  is  0.45  0.24* 

per  cent  for  the  alfalfa  at  the  65  sites  that  failed  to  respond  to  the  sulphur 
and  0.13  Jl  0.03  per  cent  for  the  alfalfa  at  the  26  sites  that  responded  to 
the  applied  sulphur  (excluding  sample  42).  Including  sample  42  the  value 
is  0.17  0.14  per  cent.  The  means  are  significantly  different  at  the  99 

per  cent  level.  These  values  are  considerably  higher  than  those  reported 
by  Walker  (1959)  possibly  because  of  different  methods  of  sampling. 

Walker  collected  the  samples  in  jute  bags  and  brought  them  into  the  lab¬ 
oratory  for  drying.  In  the  present  study,  the  method  of  keeping  the 
samples  frozen  until  they  were  dry  would  prevent  loss  of  sulphur  during 
drying.  Another  important  reason  for  the  higher  values  found  in  the  present 
study  was  that  different  portions  of  the  plant  were  sampled.  Walker 
collected  the  entire  plant  while  in  this  study  only  the  terminal  portion  of 
the  plant  was  collected.  The  ethanol- soluble  sulphate  content  of  alsike  and 
red  clover  samples  was  very  low  and  results  were  similar  to  those  reported 
by  Walker  ( 1959)  . 

Separation  of  the  responsive  and  non- responsive  soils  could  be 
made  on  the  basis  of  ethanol-soluble  sulphate  content  of  the  alfalfa  in  86 
per  cent  of  the  cases  if  a  critical  level  of  0.17  per  cent  was  used.  Walker 
(1959)  used  a  critical  level  of  0.09  per  cent  while  Hoff  (1953)  suggested 


Standard  deviation. 


. 
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Table  5.  Ethanol-soluble  Sulphate  of  Legume  Samples 


Site 

Sulphate 

(%) 

Site 

Sulphate 

(%) 

I.  Non-responsive  Sites : 

1 

1  .  12 

55 

0.24 

2a 

0.72 

58a 

0.39 

2b 

0.35 

62 

0.17 

3 

0 . 63 

65* 

0.22 

4 

0.51 

66 

0.24 

5 

0.53 

67 

0.19 

6 

0.56 

68 

0.39 

7a 

0.39 

70 

0.10 

7b 

0.29 

71 

0.09 

8b 

0.31 

73 

0.29 

9 

0.73 

75a 

0.23 

14 

0.46 

77 

0.16 

15a 

0 . 16 

78 

0 . 14 

16 

0.29 

80a* 

0.06 

17 

0.31 

83a 

0.22 

18a 

0.27 

84a 

0.27 

18b 

0.53 

85 

0.25 

19 

0.39 

86 

0.55 

22 

0.58 

87a 

0.93 

23 

0.84 

87b 

0 . 12 

30 

0.52 

88a* 

0.19 

32 

0.29 

88b* 

0.09 

33b 

0.26 

90 

0.73 

35 

0.74 

91 

0.49 

36 

0.25 

92 

0.35 

37b 

0.46 

93 

0.48 

38a 

0.83 

94 

0.30 

38b 

0.30 

95 

0.53 

39b 

0.51 

96 

0.74 

4  0  ** 

0 . 14 

97 

0.49 

44 

0.73 

98 

0.47 

45a* 

0.35 

99 

0.06 

45b* 

0.30 

101 

0 . 14 

48 

0.62 

102** 

0.07 

49 

0.58 

103 

0.76 

50** 

0.11 

104 

0.69 

52 

0.92 

105 

0.04 

53 

0.79 

106 

0.16 

*  Alsike 
**  Red  clover 
All  others  Alfalfa 


■ 
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Table  5.  (Continued) 


Site 

Sulphate 

(%) 

S  ite 

Sulphate 

(%> 

II . 

Responsive  Sites: 

8a 

0.12 

46b 

0.05 

10 

0.02 

47 

0.17 

ZO 

0.21 

56a 

0.24 

24 

0. 16 

57 

0.28 

25 

0.12 

58b 

0.15 

26 

0.17 

59** 

0.03 

27 

0.06 

61 

0.13 

28 

0.06 

63** 

0.02 

29 

0.04 

64* 

0.02 

31 

0.08 

69 

0.21 

37a 

0.31 

69b 

0.05 

39a-' 

0.15 

7  6a 

0.13 

41 

0.07 

7  6b 

0.05 

42 

0.81 

81a 

0.04 

46a 

0.09 

82a 

0.15 

100 

0.26 

*  Alsike 
**  Red  clover 
All  others  Alfalfa 
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the  critical  level  to  be  0.  15  per  cent.  To  obtain  a  standard  critical 
level  upon  which  assessment  of  the  sulphur  status  of  the  soil  could  be 
made  would  require  standardization  of  the  sample  collection  methods. 

The  yearly  variation  proved  less  important  than  collection  method. 

Of  the  10  non- sulphur-deficient  legumes  which  had  ethanol- soluble 
sulphate  contents  lower  than  0.  17  per  cent,  three  samples  (15a,  77,  and 
106)  were  within  the  experimental  error.  Seven  samples  (15a,  70,  71,  77, 

99,  105,  and  106)  came  from  plots  where  the  growth  and  yield  of  alfalfa  was 
extremely  low  because  of  poor  growing  conditions.  Site  87b  had  high  yields 
for  6  consecutive  cuttings.  No  explanation  can  be  offered  for  the  low  ethanol- 
soluble  sulphate  in  the  legumes  grown  on  this  site  or  on  site  78  and  101.  Of 
the  7  alfalfa  samples  from  sulphur-deficient  sites  higher  in  ethanol- soluble 

sulphate  than  0.  17  per  cent,  2  (42  and  100)  were  from  crops  in  which  the 
response  to  sulphur  was  on  the  questionable  side.  No  explanation  is  offered 
for  the  other  5.  It  should  be  noted  here  that  the  deficient  and  non-deficient 
soils  were  separated  without  the  aid  of  the  ethanol- soluble  sulphate  data,  but 
rather  on  visual  observation  and  yield  data  previously  described. 

With  one  exception,  the  alsike  clover  could  be  separated  into  re¬ 
sponsive  and  non-r esponsive  categories  using  a  critical  level  of  0.  04  per 
cent  as  suggested  by  Walker  (1959).  The  entire  above  ground  portion  of 
the  plant  was  sampled  in  both  Walker's  and  the  present  study. 

Red  clover  could  be  separated  into  the  two  categories  using  a 
critical  level  of  0.07  per  cent  ethanol- soluble  sulphate.  However,  the 

number  of  samples  was  too  limited  for  any  definite  trends  to  be  established. 
Walker  (1959)  could  find  no  difference  between  red  clover  grown  on 

sulphur-deficient  and  non-deficient  soil. 

The  results  of  the  nitrogen  analyses  are  reported  in  Table  6.  The 

values  are  higher  than  those  reported  by  Walker  (1959)  probably  because 


. 
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Table  6.  Total  Nitrogen  Analyses  of  Legumes 

(1  963  Plots) 


Site 

Nitrogen  (%) 

Site 

Nitrogen 

(%> 

Check  Plot 

S.  Plot 

Check  Plot 

S.  Plot 

I. 

Non- responsive 

Sites : 

1 

3.102 

3.050 

55 

4.148 

4.113 

2 

3.369 

3.351 

58 

3.839 

4.052 

3 

3.593 

3.953 

62 

3.310 

3.666 

5 

3.362 

3.236 

66 

3.842 

3.983 

6 

3.210 

3.427 

67 

4.025 

4.307 

7 

3.957 

3.892 

70 

2.903 

3.384 

9 

3.505 

3.474 

71 

3.211 

3.053 

15 

3.698 

3.747 

72 

3.238 

3.823 

16 

3.43-3 

3.359 

75 

3.602 

3.942 

18 

3.241 

3.388 

77 

3.897 

4.084 

19 

3.353 

3.496 

78 

4.279 

4.057 

22 

3 . 701 

3.934 

80 

3.618 

3.061 

23 

3.559 

3.337 

83 

4.188 

4.043 

30 

3.519 

3.736 

84 

3.713 

3.736 

35 

3.973 

3.089 

85 

3.713 

3.736 

38 

3.742 

3.399 

86 

3.779 

3.676 

40 

3.247 

3.434 

87 

4.436 

4.173 

44 

4.256 

4.243 

88 

3.024 

3.220 

45 

2.713 

3.030 

90 

3.607 

3.572 

48 

3.877 

3.941 

103 

4.098 

4.268 

50 

3.455 

3.413 

104 

3.640 

3.849 

52 

3.651 

3.503 

105 

2.743 

3.393 

53 

3.941 

4.281 

106 

3.846 

3.920 

54 

4.291 

4.375 

II. 

Responsive  Sites: 

8 

3.554 

4.  103 

39 

3.142 

3.356 

10 

3.115 

3.545 

42 

3.071 

3,179 

12* 

3.229 

3.933 

46 

2.720 

2.891 

20 

3.716 

4.013 

47 

2.836 

4.009 

24 

3.355 

3.913 

56 

3.593 

3.722 

25 

3.699 

3.978 

57 

3.896 

4.208 

26 

3.801 

3.825 

59 

3.135 

3.982 

27 

3.413 

4.081 

61 

2.698 

4.  129 

28 

3.467 

3.938 

64 

2.726 

3.842 

29 

3.285 

3.976 

69 

3.266 

4.064 

31 

2.752 

3.512 

76 

3.722 

4.045 

37 

3.557 

3.789 

81 

3.599 

4.199 

82 

3.851 

3.935 

*  Response  observed  in  second  cutting  only. 
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of  the  portion  of  the  plant  collected  and  the  handling  of  the  samples  prior 
to  analyses.  The  average  nitrogen  content  of  the  legumes  grown  on  all 
check  plots  was  3.53  jt  0.42  per  cent.  The  sulphur  application  increased 
the  nitrogen  content  of  the  legume  grown  on  sulphur-deficient  soil  in 
every  case  studied,  the  average  increase  being  0.52  i  0.36  per  cent,  a 
significant  increase  at  the  99  per  cent  level.  This  represented  about  a 
3.3  per  cent  increase  in  the  protein  content.  The  average  increase  in  the 
nitrogen  content  of  legumes,  grown  on  sulphur  non-deficient  soil  fertilized 
with  sulphur,  was  0.05  i  0.30  per  cent.  In  22  of  the  46  samples  the  nit¬ 
rogen  content  was  actually  decreased.  The  increase  in  this  case  was  not 
significant.  The  total  nitrogen  analysis  did  not  appear  to  be  a  diagnostic 
criterion  in  separating  sulphur-deficient  and  non-deficient  soils. 

Some  characterization  data  for  the  profiles  selected  for  detailed 
study  are  given  in  Table  7.  All  of  the  analyses  reported  subsequently, 
with  the  exception  of  mechanical  analyses,  are  based  on  air  dry  soil; 
however,  the  hygroscopic  water  content  is  listed  to  permit  conversion  to 
the  oven-dry  basis . 

Profiles  B,  C,  D,  E,  G,  and  H  were  classified  as  Orthic  Grey 
Wooded.  Profile  A  was  a  Humic  Eluviated  Gleysol  while  F  was  an 
Orthic  Dark  Grey.  Five  profiles  (D  ,  E,  F,  G,  and  H)  were  developed  on 
glacial  till  and  the  other  3  were  developed  on  lacustrine  deposits  (A,  B, 
and  C).  The  texture  of  the  profiles  ranged  from  a  loamy  sand  to  a  clay, 
the  clay  content  ranging  from  2  to  56  per  cent. 

Carbon  to  nitrogen  ratios  ranged  from  8.3  to  18.2.  Virgin  Grey 
Wooded  profiles  usually  have  wide  carbon  to  nitrogen  ratios  in  the  L-H 
horizon  and  this  ratio  becomes  narrower  upon  cultivation  as  the  L-H 
horizon  is  incorporated  into  the  Ae  and  upper  Bt  horizons.  The  high 
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Table  7.  Mechanical  Analyses;  pH,  Carbon,  Nitrogen,  and  Hygroscopic 

Moisture  of  the  Selected  Profiles 


M  echanical 
Analyses 


Hygro¬ 

scopic 


Sample 

%  S 

%  Si 

%  C 

Class 

PH 

%  c 

%  N 

C/N 

Moisture 

I.  Non-responsive  Soils : 

A 1 

37 

41 

22 

L  . 

6.8 

2.70 

0.222 

12.2 

1.86 

A2 

32 

33 

35 

C  L 

6.7 

0.53 

0.064 

8.3 

2.27 

A3 

36 

31 

33 

C  .  L . 

7.0 

0.50 

0.047 

10 . 6 

2.38 

A4 

26 

34 

41 

C. 

7.4 

0.56 

0.043 

13.0 

2.39 

B 1 

28 

53 

19 

Si.L. 

6.7 

2.51 

0.204 

12.3 

1.82 

B2 

23 

49 

28 

C  .  JL. 

6.7 

0.99 

0.089 

11.1 

2.02 

B3 

30 

36 

34 

C  .JL. 

7.2 

0.94 

0.059 

15.9 

2.25 

B4 

34 

37 

29 

C.L. 

7.7 

1.02* 

0.040 

-- 

1.92 

Cl 

9 

45 

45 

Si.C  . 

5.7 

2.14 

0.257 

8.3 

3.14 

C2 

9 

35 

5  6 

c . 

4.7 

0.73 

0.093 

8.8 

3.63 

C3 

5 

48 

47 

Si.C  . 

6.9 

0.92 

0.084 

10.7 

4.30 

C4 

4 

32 

65 

H.C. 

7.6 

1.59* 

0.070 

-- 

3.86 

D  1 

25 

73 

2 

Si.L. 

6.9 

2. 18 

0. 163 

14.4 

1.19 

D2 

41 

40 

18 

L. 

6 . 5 

0.48 

0.050 

9.6 

1.21 

D3 

34 

31 

35 

C.L. 

6.3 

0.49 

0.048 

10.2 

2.20 

D4 

34 

32 

34 

C  .L. 

7.2 

0.60 

0.042 

15.3 

1.96 

II.  Responsive 

El  26 

Soils : 

65 

9 

Si.L. 

7.0 

2.40 

0.  141 

18.0 

1.10 

E2 

38 

37 

25 

L. 

6.0 

0.44 

0.045 

9.8 

1.43 

E3 

37 

32 

31 

C.L. 

5.4 

0.52 

0.042 

12.4 

1.99 

E4 

43 

34 

23 

L. 

5.8 

0.35 

0.034 

10.3 

1.65 

FI 

74 

20 

7 

S.L. 

6.4 

1.60 

0.112 

15.3 

0.84 

F2 

70 

21 

9 

S.L. 

6 . 5 

0.63 

0.057 

11  .  1 

0.77 

F3 

70 

14 

16 

S.L. 

6. 5 

0.34 

0.025 

13.6 

0.64 

F  4 

83 

9 

7 

L.S. 

5.4 

0.39 

0.038 

10.3 

1.46 

G 1 

41 

37 

22 

L. 

6.3 

1.36 

0.111 

13.3 

1.45 

G2 

33 

38 

39 

C.L. 

5.1 

0.61 

0.063 

9.7 

2.40 

G3 

17 

44 

39 

Si.C  .L. 

5.2 

0.59 

0.060 

9.8 

2.58 

G4 

27 

35 

37 

C.L. 

5.2 

0.56 

0.049 

11.4 

2.29 

HI 

34 

56 

11 

Si.L. 

6 . 4 

3.42 

0. 188 

18.2 

1.27 

H2 

36 

41 

23 

L. 

5.5 

0.71 

0.062 

12.5 

1.40 

H3 

40 

38 

32 

C.L. 

5 . 6 

0.45 

0.048 

10.4 

1.90 

H4 

40 

38 

22 

L. 

5.3 

0.51 

0.043 

12.9 

2.04 

*  Sample  contained  CaC03. 
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values  found  in  the  lower  depths  of  profiles  A,  B,  C,  and  D  may  be  due  to 
the  presence  of  small  amounts  of  CaCC>3  which  would  increase  the  ratio. 
Only  on  samples  B4  and  C4  could  CaC03  be  detected  by  a  simple  acid  test. 

The  pH  values  of  the  surface  samples  ranged  from  5.7  to  7.0 
and  except  for  sample  Cl,  the  range  was  6.3  to  7.0.  There  was  no  clear 
difference  in  the  surface  samples  between  responsive  and  non- responsive 
soils.  The  pH  values  of  the  lower  depths  of  the  non- responsive  profiles 
were  higher  than  those  of  the  corresponding  depths  of  the  responsive 
profiles.  This  may  indicate  that  sulphur  deficiency  is  greater  on  those 
soils  which  are  more  strongly  leached. 

The  sulphur  fractions  which  were  determined  are  shown  in  detail 
in  Table  8  and  summarized  in  Table  9.  Total  sulphur  was  very  low  for 
all  horizons,  ranging  from  24  to  263  ppm.  The  smaller  values  were 
lower  than  those  reported  by  Wyatt  and  Doughty  (1928)  and  Bentley  et  al . 
(1955)  but  are  in  good  agreement  with  those  of  Lowe  (  1965)  whose  method 
was  the  same  as  the  one  in  this  study.  It  is  clear  from  the  total  sulphur 
figures  that  even  in  soils  which  failed  to  respond  to  sulphur,  the  amount 
of  reserve  sulphur  is  low  when  compared  to  nitrogen.  Barring  external 
addition  of  sulphur  to  the  soil,  crop  removal  would  deplete  the  sulphur 
supply  to  a  depth  of  3  feet  in  100  to  200  years.  This  estimation  is  assuming 
that  all  the  sulphur  in  the  soil  would  become  available  to  plants  . 

Carbon-bonded  sulphur  represented,  on  the  average,  36  per  cent 
of  the  total  sulphur  and  was  low  compared  to  Chernozemic  profiles  (Lowe, 
1965).  The  carbon-bonded  sulphur  content  of  the  responsive  and  non- 
responsive  soils  was  not  significantly  different  at  the  95  per  cent  level. 
According  to  Lowe  (1963)  this  fraction  does  not  include  organic  sulphate 
nor  the  alkyl  sulphones  .  An  estimate  of  organic  sulphur  can  be  made  by 
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Table  8.  Sulphur  Fractions  of  Selected  Profiles 


Sample 

T  otal 

S 

ppm 

HI-S* 

ppm 

C-S** 

ppm 

HI-S  + 
C-S 
as  % 

T  otal  S 

Extract- 
able 
S04= 
ppm  S 

(X) 

Adso  rbed 
Sulphate 
ppm  S 

(Y) 

Easily 
Soluble 
Sulphate 
ppm  S 

T  otal 
(X)+(Y) 
ppm  S 

I.  Non 

-responsive  Soils: 

A 1 

156 

77 

70 

92 

7 

4 

4 

8 

A2 

93 

44 

53 

104 

13 

1 

5 

6 

A3 

111 

57 

22 

71 

10 

4 

4 

8 

A4 

159 

75 

28 

65 

21 

6 

14 

20 

B 1 

126 

79 

48 

100 

9 

7 

4 

11 

B2 

96 

53 

21 

67 

10 

6 

3 

9 

B3 

181 

43 

16 

33 

5 

6 

4 

10 

B4 

259 

74 

25 

38 

7 

4 

6 

10 

Cl 

118 

64 

90 

130 

7 

9 

3 

12 

C  2 

106 

57 

18 

71 

7 

6 

4 

10 

C  3 

122 

58 

29 

72 

9 

4 

7 

11 

C4 

263 

60 

18 

34 

12 

11 

11 

22 

D  1 

93 

54 

48 

108 

4 

4 

7 

11 

D2 

24 

9 

34 

179 

1 

1 

5 

6 

D3 

41 

14 

24 

94 

3 

2 

8 

10 

D4 

126 

39 

15 

43 

3 

1 

3 

4 

II.  Responsive 

Soils : 

El 

137 

65 

52 

85 

4 

3 

2 

5 

E2 

111 

24 

12 

33 

5 

4 

3 

7 

E3 

100 

33 

14 

47 

4 

9 

2 

11 

E4 

52 

20 

42 

119 

2 

5 

2 

7 

FI 

63 

39 

19 

92 

4 

1 

2 

3 

F2 

37 

26 

12 

102 

5 

3 

3 

6 

F3 

63 

17 

6 

37 

4 

1 

1 

2 

F  4 

104 

31 

34 

63 

1 

3 

2 

5 

G 1 

74 

29 

50 

107 

1 

2 

2 

4 

G2 

82 

17 

17 

41 

1 

1 

3 

4 

G3 

141 

23 

16 

28 

2 

2 

3 

5 

G4 

207 

33 

21 

26 

9 

3 

2 

5 

HI 

148 

90 

57 

99 

8 

4 

4 

8 

H2 

52 

30 

14 

84 

2 

5 

1 

6 

H3 

56 

34 

45 

80 

3 

3 

1 

4 

H4 

40 

29 

13 

105 

1 

7 

3 

10 

*  Hl-reducible  sulphur. 
Carbon-bonded  sulphur. 
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Table  9.  Summary  of  the  Data  in  Table  8,  Giving  Average  Concentrations 
for  the  Profile  of  the  Various  Sulphur  Fractions  and  Averages 
for  the  Four  Responsive  and  Four  Non-R esponsive  Soils  With 
Appropriate  Standard  Deviations 


Profile 

Total 

S 

ppm 

HI-S* 

ppm 

c-s** 

ppm 

HI-S  + 
C-S 
as  % 
Total  S 

Extract- 

able 

so4= 

ppm  S 

(X) 

Adso  rbed 
Sulphate 
ppm  S 

(Y) 

Easily 
Soluble 
Sulphate 
ppm  S 

Total 
(X)  +  (Y) 
ppm  S 

I.  Non- 

responsive  Soils: 

A 

129 

63 

43 

82 

13 

4 

7 

11 

B 

1 66 

62 

28 

54 

8 

6 

4 

10 

C 

152 

60 

39 

65 

9 

7 

6 

13 

D 

71 

29 

30 

83 

3 

2 

6 

8 

II.  Responsive 

Soils : 

E 

100 

36 

30 

66 

3 

5 

2 

7 

F 

67 

28 

17 

67 

4 

2 

2 

4 

G 

126 

26 

26 

41 

3 

2 

2 

4 

H 

74 

46 

32 

95 

4 

5 

2 

7 

Ave  .  fo  r 
A-D 

,  # 

1 3  Oi.4 1 

54±17 

35±7 

68 

8—4 

5-1 2 

6±  1 

11 

Ave  .  fo  r 
E-H 

921.28 

34—  7 

27—5 

63 

4±  5 

4  i-2 

2-0 

•n 

*  Hl-reducible  sulphur. 
Carbon -bonded  sulphur. 

#  Standard  Deviation. 
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adding  carbon-bonded  sulphur  to  organic  sulphate.  An  estimate  of  organic 
sulphate  is  derived  by  subtracting  inorganic  sulphate  (adsorbed  plus 
easily -soluble  sulphate)  from  Hl-reducible  sulphur.  Such  an  estimate 
reveals  that  organic  sulphur  comprises  75  to  95  per  cent  of  the  total  sulphur 
in  the  surface  horizon  and  25  to  90  per  cent  of  the  total  sulphur  in  the  lower 
horizon  studied.  Total  carbon  is  also  low  when  compared  to  Chernozemic 
soils,  thus  further  confirming  the  data  for  organic  sulphur. 

The  Hl-reducible  sulphur  content  was  of  the  same  order  of  magnitude 
as  that  found  by  Lowe  (1965)  for  Grey  Wooded  soils,  and  was  also  similar 
to  the  results  of  Spencer  and  Freney  (I960)  for  some  Podzolic  soils  in 
Australia.  This  fraction  represented  on  the  average  40  per  cent  of  the 
total  sulphur.  The  average  Hl-reducible  sulphur  for  the  non-responsive 
and  responsive  profiles  was  54  —  17  ppm  and  34  i-  7  ppm,  respectively 
(Table  9),  the  difference  being  significant  at  the  99  per  cent  level.  Pro¬ 
files  D  and  H  do  not  fit  the  general  trend,  profile  D  having  lower  values 
for  all  depths  and  profile  H  having  a  high  value  for  the  surface  horizon 
(Figure  2).  Explanations  for  profiles  D  and  H  will  be  given  subsequently. 

The  phosphate  solution  (500  ppm  P)  (Ensminger,  1954)  extracted 
water-soluble  sulphate  as  well  as  adsorbed  sulphate.  This  fraction  has 
been  previously  referred  to  as  extractable  sulphate.  While  the  amount 
of  sulphur  extracted  represented  only  2  to  10  per  cent  of  the  total,  sig¬ 
nificantly  more  sulphate  was  extracted  from  the  non-responsive  profiles 
than  from  the  responsive  profiles,  the  respective  averages  and  standard 
deviations  being  8  i  4  ppm  and  4  i  0.5  ppm  (Table  9,  Figure  2).  There 
is  slight  overlapping  of  the  ranges  of  values  for  non-responsive  and 
responsive  sites.  McClung  and  de  Freitas  et_aF  (1959)  reported  that 
plants  are  unable  to  grow  when  the  level  of  acetate -extractable  sulphate 
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fell  below  2  ppm.  In  all  the  sulphur  responsive  soils  studied  herein, 
however,  there  was  growth  on  the  check  plot.  Using  a  critical  level  of 
6  ppm  the  responsive  and  non- responsive  soils,  except  for  profile  D, 
could  be'  separated  on  the  basis  of  the  average  extractable  sulphate  for 
the  profile  . 

Adsorbed  sulphate  was  low,  ranging  from  a  low  of  2  ppm  for  3 
profiles  up  to  7  ppm.  No  separation  of  the  profiles  was  possible  using 
the  adsorbed  sulphate  data,  the  means  being  not  significantly  different 
at  the  95  per  cent  level. 

A  significant  difference  was  found  between  the  means  of  the  easily- 
soluble  sulphate  content  of  the  responsive  and  non- responsive  profiles 
(Figure  2).  The  levels  of  this  fraction,  which  is  essentially  water-soluble 
sulphate,  were  low  in  all  profiles,  the  values  ranging  from  1  to  14  ppm 
for  all  the  horizons  of  the  8  profiles  studied.  Water-soluble  sulphate  has 
not  been  considered  to  correlate  very  highly  with  legume  yields  (Spencer 
and  Freney,  I960). 

The  adsorbed  plus  easily- soluble  sulphate  values  were  of  the  same 
magnitude  as  the  extractable  sulphur  content.  Based  on  the  higher  phos¬ 
phorus  concentration  of  the  solution  used  to  extract  adsorbed  sulphate 
and  preliminary  work  by  Lowe  (1961),  it  was  expected  that  the  adsorbed 
plus  easily-soluble  sulphate  would  be  higher  than  the  extractable  sulphate 
values.  In  8  samples  the  values  were  lower  and  in  24  the  values  were 
higher.  Only  in  samples  A2,  A3,  and  G4  did  the  lower  difference  appear 
significant . 

All  of  the  sulphur  fractions  were  low  in  quantity  in  profile  D.  Al¬ 
though  the  soils  could  be  separated  into  the  responsive  and  non- responsive 
categories  on  the  bases  of  3  sulphur  fractions  by  including  profile  D, 
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separation  would  have  been  much  better  excluding  it.  As  pointed  out 
previously,  the  responsive  soils  were  put  into  the  responsive  category 
with  more  certainty  than  the  non- responsive  soils  were  put  into  the  non- 
responsive  category.  It  is  suggested  that  profile  D  may  not  be  part  of  the 
same  population  as  the  other  non-responsive  soils  and  may  actually  show 
sulphur  deficiency  symptoms  in  another  year.  Profile  H,  a  responsive  soil, 
had  high  concentrations  of  sulphur  in  the  surface  horizon.  Using  the  estimate 
of  organic  sulphur  previously  described,  profile  H  had  97  per  cent  organic 
sulphur  in  the  surface  6  inch  depth.  The  C/N  ratio  was  also  wide  for  the 
sample  from  this  depth  indicating  that  the  organic  matter  may  be  in  a 
more  undecomposed  state  than  in  the  other  profiles  and  thus  the  sulphur 
would  be  in  a  form  unavailable  to  plants. 

It  should  be  noted  that  the  extreme  cases  of  sulphur -deficient  and 
non-deficient  soils  were  chosen  in  the  Grey  Wooded  soil  zone.  In  spite  of 
this,  only  the  Hl-reducible  sulphur,  extractable  sulphur,  and  the  easily  - 
soluble  sulphur  permitted  separation  of  the  responsive  and  non-responsive 
soils.  These  separations  were  not  completely  reliable.  In  no  case  could 
the  extent  of  the  sulphur  deficiency  be  estimated.  It  is  the  author's 
opinion  that  the  extractable  sulphate  and  easily-soluble  sulphate  contents 
of  the  soil  may  be  a  better  diagnostic  criterion  because  the  amounts  ex¬ 
tracted  are  of  the  same  magnitude  as  plant  uptake.  HX-reducible  sulphur 
represents  a  greater  amount  of  sulphur  than  is  taken  up  by  plants;  however, 
it  does  represent  the  more  available  reserve  of  sulphur. 

It  is  evident  that  in  the  plant-soil  system  the  amount  of  available 
sulphur  at  any  time  is  the  result  of  a  number  of  processes  .  The  most 
important  ones  may  be  the  mineralization  of  organic  matter  by  micro¬ 
organisms  and  the  removal  of  sulphur  from  the  soil  by  crops.  It  is  also 
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suggested  that  atmospheric  sulphur  may  be  exerting  an  external  influence 
on  the  system  so  that  a  clear  distinction  between  sulphur-deficient  and 
non-deficient  soils  based  on  soil  chemistry  is  very  difficult. 
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SUMMARY  AND  CONCLUSION 

The  extent  of  sulphur  deficiency  in  the  Grey  Wooded  soils  of 
Alberta  is  not  fully  known,  Newton  (1936)  demonstrated  sulphur 
deficiency  at  the  Breton  plots  in  the  early  1930's.  Subsequently  fertil¬ 
izer  tests  have  shown  many  Grey  Wooded  soils  to  be  sulphur-deficient , 
Walker  (1959)  found  that  not  all  Grey  Wooded  soils  exhibited  sulphur 
deficiency  in  an  area  south  and  west  of  Edmonton.  It  was  the  purpose  of 
this  investigation  to  study  the  sulphur  status  of  soils  in  the  Grey  Wooded 
and  Dark  Grey  soil  zones  in  an  area  generally  north  of  Edmonton  (Figure  1) . 

Na£  SO 4  applied  at  the  rate  of  20  lb.  elemental  sulphur/acre 
increased  the  yield  of  legume  at  34  of  133  sites,  the  yield  increases  being 
determined  on  the  basis  of  visual  observation  and  square  yard  samples. 
Moisture  conditions  were  below  normal  in  a  large  percentage  of  the  area 
in  both  1963  and  1964.  It  is  therefore  suggested  that  the  above  estimation 
of  the  extent  of  sulphur  deficiency  is  an  underestimate  of  the  sulphur  status 
of  the  soils  studied. 

The  nitrate  nitrogen  content  of  the  soils  was  generally  low.  Avail¬ 
able  phosphorus  (0.03N  H2SO4  ,  0.03  N  NH4F  extraction)  and  available 

potassium  (Spurway  method)  varied  widely  from  site  to  site. 

The  application  of  NPK  did  not  increase  the  growth  of  legumes 
enough  to  produce  a  sulphur  deficiency  in  the  soils  where  no  sulphur 
deficiency  had  been  demonstrated  with  a  straight  sulphur  treatment. 

Sulphur  deficiency  was  not  confined  to  any  geographic  area  nor  to 
any  soil  series.  However,  certain  soils  exhibited  sulphur  deficiency 
more  frequently  than  did  others. 

The  ethanol-soluble  sulphate  content  of  the  legumes  grown  on 
sulphur-deficient  soils  was  lower  than  in  legumes  grown  on  sulphur- 
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sumc lent  sous  .  >.  s:r.£  a  critical  level  of  0.1,  ter  cent  ethanol -soluble 


-ulphate  for  alfalfa  ,  responsive  arid  non-responsive  soils  could  be 


separated  with  54  per  cent  reliability. 

Sulphur  application  increased  the  nitrogen  content  of  the  legumes 
grown  on  sulphur -deficient  soil  by  an  average  of  0.52  per  cent.  No  dif¬ 
ference  was  found  on  the  legumes  grown  on  non-deficient  soils. 

Jour  distinctly  responsive  and  4  non-responsive  soils  were  selected 
for  a  comprehensive  study  of  sulphur  fractions.  Jour  depths  were  studied 
in  each  soil.  In  these  5  soils  texture  varied  from,  a  loamy  sand  to  a  clay. 
The  pH  of  the  horizons  varied  from.  5.1  to  T.~.  The  lower  1  depths  of  the 
responsive  soils  were  more  acic  than  were  the  corresponding  deoths  of 
the  non-responsive  soils. 

Carbon  to  nitrogen  ratios  ranged  from.  5.5  to  15.2.  the  highest  value 
being  found  in  the  surface  6  inches  of  soil.  The  total  sulphur  content  of 
the  selected  soils  was  low  m  all  horizons  studied,  ranging  from  14  to 
263  ppm.  The  non-responsive  profiles  had  significantly  more  HI- reducible 
sulphur,  more  extractable  sulphur,  and  more  easily -soluble  sulphate  than 
did  the  responsive  orofiles  .  However,  the  seuaration  could  not  be  made 
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re  not  significantlv  different  in  carbon-bondec  sulnhur  content  nor  in 


adsorbed  sulphate  content.  All  the  sulphur  fractions  investigated  were 
low  in  quantity  compared  to  Chernozemic  soils  (Lowe,  1°65). 

It  is  evident  that  dynamic  trocesses  are  in  operation  within  the 
soil  and  that  the  amount  of  sulphur  in  any  extract  is  only  a  static  represen¬ 


tation 


of  the  whole  picture.  Influences  external  to  the  soil,  such  as  the 


Idition  of  sulphur  from  the  atmosphere,  are  probably  also  important 
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